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ANNOTATION 
This  monograph g i v e s  t h e  r e s u l t s  of s tudy  of t h e  e lec t r ic  conduc t iv i ty  of  

rocks under d i f f e r e n t  thermodynamic condi t ions .  The appa ra tus  and methods used 

i n  measuring t h e s e  parameters  a r e  descr ibed.  Experiments f o r  s tudying t h e  

e f f e c t  o f  temperature ,  p re s su re ,  and t h e  j o i n t  e f f e c t  o f  t h e s e  f a c t o r s  on rock 

r e s i s t i v i t y  are d iscussed ,  as w e l l  as t h e  r e s u l t s  o f  a s tudy  of  t h e  thermal 

p r o p e r t i e s  of sedimentary and igneous rocks  a t  tempera tures  from room tempera- 

t u r e  t o  1,200-1,400°. 

The dependence of e l e c t r i c  conduc t iv i ty  i s  given f o r  u n i l a t e r a l  p re s su res  

and wi th  simultaneous hea t ing  t o  6 0 0 " ~  and p res su res  greater  than  3 0  kbar.  

The r e s u l t s  of  a s tudy  of t h e  dependence of hea t  conduc t iv i ty  on temp- 

e r a t u r e  a r e  discussed.  

Conclusions are drawn concerning t h e  mechanism of  e lec t r ic  and hea t  

conduc t iv i ty  of rocks a t  high temperatures .  
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FOREWORD 

I n v e s t i g a t i o n s  o f  t h e  elec*ric and thermal p r o p e r t i e s  o f  rocks  under 

d i f f e r e n t  thermodynamic cond i t ions ,  a t  h igh  tempera tures  and p res su res  a t  

which t h e s e  parameters  have been least  s tud ied ,  have now been made f o r  s e v e r a l  

yea r s  i n  t h e  Phys ics  o f  t h e  E a r t h ' s  C r u s t  Laboratory a t  t h e  I n s t i t u t e  of  

Geology and Geophysics ,Siber ian Department,USSR Academy of  Sciences.  

l edge  o f  t h e  n a t u r e  of t h e i r  changes and t h e i r  dependence on p r e v a i l i n g  

tempera tures  is extremely important  f o r  understanding many geologica l  pheno- 

mena, as w e l l  as t h e  n a t u r e  of  geophysical  d i s c o n t i n u i t i e s  i n  the  e a r t h ' s  

c r u s t  and t h e  temperature  d i s t r i b u t i o n  i n  i t s  c r o s s  sec t ion .  

. 
A know- 

The f i r s t  s t a g e  i n  t h e  i n v e s t i g a t i o n s  provided f o r  formulat ing a method 

f o r  measuring t h e  effect of d i f f e r e n t  f a c t o r s  on t h e  phys ica l  p r o p e r t i e s  of 

rocks.  For  example, i n  s tudying  t h e  r e s i s t i v i t y  of  most igneous rocks w e  

s e p a r a t e l y  i n v e s t i g a t e d  t h e  e f f e c t  o f  temperature  at atmospheric  pressure ,  

t h e  effect o f  p re s su re  a t  room temperature ,  and t h e  j o i n t  e f f e c t  o f  temperature  

and pressure .  

In  view of  t h e  pauc i ty  of  information on t h e  thermophysical  p r o p e r t i e s  of 

rocks  i n  gene ra l ,  it i s  obvious ly  of i n t e r e s t  t o  s tudy  them i n  a broad range 

of  changes i n  temperature  and p res su re ,  inc luding  a t  normal p re s su re  and a t  

room temperature .  A s  y e t  w e  have s tud ied  on ly  t h e  dependence of t h e  hea t  con- 

d u c t i v i t y  c o e f f i c i e n t  on tempera ture  i n  t h e  range from 20 t o  1,200 - 1,400' C. 

The c o l l e c t e d  experimental  d a t a  on t h e  e lectr ic  and hea t  conduc t iv i ty  of 

rocks  under d i f f e r e n t  thermodynamic cond i t ions  made it  p o s s i b l e  t o  undertake 

an explana t ion  of t h e  mechanism of  t h e s e  phenomena. 

In  t h e  i n v e s t i g a t i o n s  desc r ibed  i n  t h i s  monograph t h e  au tho r s  w e r e  a s s i s t e d  

by M. A. Aliyeva, A.A. Solov 'yeva and V.A. Kutol in .  

The au tho r s  express a p p r e c i a t i o n  t o  0. A. Kal in ina ,  who read t h e  monograph 

i n  manuscript  form and who made va luab le  comments, and t o  A. F. Kravchenko f o r  

d i scuss ing  Chapters  I and 111. Chapter I w a s  w r i t t e n  by U. I. Moiseyenko and 

V. Ye. Is tomin,  Chapter  I1 by U. I. Moiseyenko and L. S. Sokolova, and Chapter 

I11 by U. I. Moiseyenko wi th  t h e  p a r t i c i p a t i o n  of  V. Ye.  Istomin. 

v i i  



ELECTRIC AND THERMAL PROPERTIES OF ROCKS 

U. I. Moiseyenko, L. S. Sokolova and v. Y e .  Istomin 

INTRODUCTION - /5 * 
A cons ide rab le  number of s t u d i e s  have now been publ ished on t h e  e f f e c t  o f  

temperature  and p res su re  on t h e  e lectr ic  conduc t iv i ty  o f  rocks.  However, f a r  

f e w e r  s t u d i e s  have been publ ished on t h e  thermal p r o p e r t i e s  of rocks.  

Severa l  yea r s  ago such informat ion  was publ ished i n  ind iv idua l  c o l l e c t i o n s  of 

a r t i c l e s ,  such as F. Bi rch ,  H. S p i c e r  and I. Scherer  (1949) and V. N. Dakhnov 

and D. I. D'yakonov (1952). Accordingly, i n  t h i s  review, emphasis is  on s t u d i e s  

p e r t a i n i n g  t o  s tudy  of  t h e  e lec t r ic  conduc t iv i ty  of rocks.  S t u d i e s  devoted t o  

t h e  thermal p r o p e r t i e s  of t h e s e  rocks,  being so numerous, are  mentioned on ly  i n  

t h e  t e x t  of t h e  corresponding sec t ion .  

The s t u d i e s  of i n t e r e s t  f o r  our  i n v e s t i g a t i o n s  of t h e  e l e c t r i c  conduc t iv i ty  

o f  rocks can be d iv ided  i n t o  t h r e e  groups: t h e  f i r s t  p e r t a i n  t o  t h e  dependence 

of  e l e c t r i c  conduc t iv i ty  only  on temperature a t  normal atmospheric pressure ,  t h e  

second p e r t a i n  only t o  t h e  dependence on pressure  a t  room temperature ,  and t h e  

t h i r d  p e r t a i n  t o  change i n  e l e c t r i c  conduc t iv i ty  under t h e  in f luence  of varying 

temperature  and pressure .  

An inc rease  i n  e l e c t r i c  conduc t iv i ty  of rocks  wi th  a temperature  inc rease  

w a s  observed i n  a l l  s t u d i e s  i n  t h e  f i r s t  group. Judging from t h e  s t u d i e s  of 

d i f f e r e n t  au thors ,  t h e  n a t u r e  of  t h e  inc rease  i s  somewhat d i f f e r e n t .  Up t o  

d e f i n i t e  l i m i t s  of  t empera ture  change (600-800°) t h i s  dependence i s  l i n e a r ;  

f o r  example, t h i s  w a s  observed by V. A. Marinin (1938) and H. N. Coster  (1948) 
f o r  t h e  e l e c t r i c  conduc t iv i ty  of  g r a n i t e s  and gne i s ses  a t  temperatures  up t o  

7 5 0 " ,  and E. I. Parkhomenko and A. T. Bondarenko (1962) f o r  t h e  e lectr ic  con- 

d u c t i v i t y  of d iabases ,  b a s a l t s ,  and p e r i d o t i t e s  i n  t h e  range from 100 t o  500- 

800". A t  h ighe r  tempera tures  t h e  l i n e a r  dependence no longer  p r e v a i l s  and in-  
. .~ . - . . . . . - . - . . . .  ~- - -.. ~ _ _  - I - __ 

*Numbers i n  t h e  margin i n d i c a t e  pagina t ion  i n  t h e  f o r e i g n  t e x t .  



f l e c t i o n s  appear  on t h e  curves.  For  example, H. N. Cos te r  (Cos ter ,  1948) ob- /6 

served t h i s  f o r  gabbro, b a s a l t ,  p e r i d o t i t e  and e c l o g i t e ,  and E. I. Parkhomenko 

and A. T. Bondarenko (1962; Bondarenko, 1966) f o r  d iabase ,  pyroxeni te ,  o l i v -  

i n i t e ,  p e r i d o t i t e  and a n d e s i t i c  b a s a l t .  The same t h i n g  w a s  noted by Ye. B. 

Lebedev and N. I. Khitarov (1964) i n  s tudying t h e  e l e c t r i c  conduc t iv i ty  of 

g r a n i t e s  . 

- 

K. Noritomi and A. Asada (Noritomi,  Asada, 1956) n o t e  a somewhat d i f f e r e n t  

n a t u r e  of t h e  dependence of  e lectr ic  conduc t iv i ty  on tempera ture  f o r  a c i d i c  and 

in t e rmed ia t e  rocks  and a l s o  f o r  q u a r t z  and p e r t h i t e .  I n  t h e  temperature  var-  

i a t i o n  of  such cu rves  t h e  f irst  i n f l e c t i o n  i s  observed a t  450 t o  500". For 

some s e r p e n t i n i t e  samples K. Noritomi observed an e lec t r ic  conduc t iv i ty  mini- 

mum a t  a temperature  of  600 t o  700" with  a subsequent i nc rease .  The e l e c t r i c  

conduc t iv i ty  decreased monotonical ly  wi th  cool ing  o f  t h e  sample. Other  au tho r s  

have a l s o  observed such a change i n  e lectr ic  conduc t iv i ty  wi th  temperature ,  

t h a t  is ,  t h e  presence  of l o c a l  minima on t h e  dependence curve  wi th  i t s  genera l  

i n c r e a s e  i n  t h e  first c y c l e  o f  sample hea t ing  and smoothing of  such curves  wi th  

cool ing  and repea ted  hea t ing .  T. Murase (Murase, 1962) e s t a b l i s h e d  t h i s  f a c t  

f o r  b a s a l t ,  a number of l a v a s  and obs id ian .  U. I. Moiseyenko and V. Y e .  

Is tomin (1963) d i d  t h e  same f o r  dun i t e ,  pyroxeni te ,  o l i v i n i t e  and g r a n i t e ,  and 

Yu. I. Protasov (1964) d i d  t h e  same f o r  pyroxeni te ,  g r a n i t e ,  secondary quar tz -  

i t e ,  and tu f f -d i abase .  S ince  t h e s e  au tho r s  s t u d i e d  rocks  of  d i f f e r e n t  com- 

p o s i t i o n ,  it i s  d i f f i c u l t  t o  compare t h e  anomalous i n t e r v a l s  on t h e  curves  

which they  cons t ruc ted .  

I n v e s t i g a t i o n s  of  t h e  e f f e c t  o f  p re s su re  on t h e  r e s i s t i v i t y  of igneous 

rocks  have been made p r i m a r i l y  i n  t h e  Sov ie t  Union. 

E. I. Parkhomenko and A. T. Bondarenko (1960) c a r r i e d  ou t  a series of  

measurements of r e s i s t i v i t y  of igneous and sedimentary rocks  under u n i l a t e r a l  

p r e s s u r e s  from 10 t o  600 kg/cm 

guard r i n g  method. The samples w e r e  cu t  i n  t h e  form of  d i s k s  0.5 t o  2.0 cm 

high  and 2.8 t o  7.0 c m  i n  diameter .  

a l l  t h e  i n v e s t i g a t e d  rocks  t h e r e  w a s  a decrease  i n  r e s i s t i v i t y ,  but  t o  a d i f -  

f e r e n t  degree. 

o t h e r s  it w a s  on ly  a f e w  percent .  The maximum changes corresponded t o  t h e  

2 
a t  room temperature  w i t h  a dc c u r r e n t  by t h e  

I n  t h e  course  of  i nc reas ing  pressure  i n  

For  some rocks  t h e s e  changes w e r e  10 t o  20% o r  more; f o r  

2 



F 
5 

2 
range of u n i l a t e r a l  p re s su res  from 10 t o  300 kg/cm - 
p r e s s u r e s  t h e  r e s i s t i v i t y  changed i n s i g n i f i c a n t l y .  

A t  h ighe r  mechanical 

M. P. Volarovich and A.  T. Bondarenko (1963) i n v e s t i g a t e d  r e s i s t i v i t y  i n  
2 

rock samples a t  a h y d r o s t a t i c  p r e s s u r e  up t o  1,000 kg/cm ; t h e s e  revea led  t h a t  

t h e  dependence observed i n  t h e  case of u n i l a t e r a l  p re s su re  f o r  t h e  most p a r t  

p e r s i s t s .  Samples of  b a s a l t ,  p e r i d o t i t e ,  s c h i s t ,  and sandstone w e r e  i n v e s t i -  

gated.  

Under h y d r o s t a t i c  p re s su re  r e s i s t i v i t y  changes more than  under t h e  i n f l u -  

ence of u n i l a t e r a l  p re s su re ;  i n  t h e  f i r s t  case by 20 t o  40%, and i n  t h e  second 

c a s e  by 5 t o  20%. 

U. I. Moiseyenko, V. Y e .  I s tomin and G.  D. Ushakov (1964) increased  t h e  
z 

pres su re  on t h e  sample cons ide rab ly  ( u n i l a t e r a l  t o  20,000 kg/cm , h y d r o s t a t i c  
2 

t o  2,000 t o  3,000 kg/cm . Experiments made on samples o f  o l i v i n i t e ,  marble,  

s e rpen t  i n i  t e ,  dun i t  e, pyroxeni te ,  b a s a l t  and p e r i d o t i t e  y i e lded  subs t  ant i a l l y  

new data .  With a p res su re  i n c r e a s e  t h e  r e s i s t i v i t y  f o r  a l l  t h e  i n v e s t i g a t e d  

rocks  decreases  t o  a d e f i n i t e  l i m i t  (corresponding t o  d i f f e r e n t  p re s su res  f o r  

d i f f e r e n t  rocks) .  A f u r t h e r  p r e s s u r e  inc rease  l e a d s  t o  an i n c r e a s e  i n  rock 

r e s i s t i v i t y .  

S t u d i e s  i n  t h e  t h i r d  group are of t h e  g r e a t e s t  i n t e r e s t  i n  s tudying t h e  

behavior  of  r e s i s t i v i t y  when rock samples are heated a t  h igh  pressures .  

One of  t h e  f i r s t  s t u d i e s  of t h i s  type  w a s  w r i t t e n  by N. Hughes (Hughes, 

1955). H e  s tud ied  t h e  r e s i s t i v i t y  of p e r i d o t i t e  under a h y d r o s t a t i c  p re s su re  

up t o  10,000 kg/cm2 a t  tempera tures  of 1,063, 1,143 and 1,210O. 

i n v e r s e  r e s i s t i v i t i e s  were measured a t  each of  t h e s e  tempera tures  and a t  pres-  

s u r e s  of 1,000, 2,500, 4,000, 5,560, 7,000 and 8,500 kg/cm . N .  Hughes men- 

t i o n s  a decrease  i n  t h e  e l e c t r i c  conduc t iv i ty  of p e r i d o t i t e  w i t h  p re s su re  (by 

2.3 t o  3.7% p e r  each 1,000 kg/cm a t  a cons tan t  tempera ture  and an inc rease  

i n  e lectr ic  conduc t iv i ty  wi th  a tempera ture  increase .  

The d i r e c t  and 

2 

2 

M. P. Volarovich, E. I. Parkhomenko and A. T. Bondarenko (1963, 1966) 

s t u d i e d  t h e  r e s i s t i v i t y  of  a number of  rocks a t  a p res su re  greater than  30,000 

kg/cm and tempera tures  up t o  400 t o  600". 

t h e  au tho r s  de t ec t ed  two d i f f e r e n t  t y p e s  of dependence of r e s i s t i v i t y  on pres-  

sure .  Some rocks are c h a r a c t e r i z e d  by a cont inuous decrease  i n  r e s i s t i v i t y  

2 
I n  t h e  e n t i r e  range of  used p res su res  

3 
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wi th  p res su re ;  f o r  o t h e r s  t h e r e  i s  first a dec rease  i n  r e s i s t i v i t y  and then  an 

i n c r e a s e  i n  r e s i s t i v i t y  a t  h ighe r  pressures .  The au tho r s  n o t e  t h a t  an i n c r e a s e  

i n  temperature  t o  300 t o  400" e x e r t s  a cons iderably  greater effect on e lectr ic  

conduc t iv i ty  than  a p res su re  o f  10,000 atmospheres. A pe t rographic  s tudy  o f  - / 8  
s e c t i o n s  o f  rock samples af ter  t h e  experiments r evea led  a s t r u c t u r a l  change. 

E. I. Parkhomenko and A. T. Bondarenko (1963) i n d i c a t e  a fragmentat ion and f o r -  

mation of  g r a i n s  of some minera ls ,  twinning i n  pyroxene g r a i n s ,  and t h e  formation 

o f  deformation bo rde r s  i n  s e r p e n t i n i z e d  duni tes .  The au tho r s  do not  feel  t h a t  

t h e s e  changes are p a r t i c u l a r l y  impor tan t ;  however, w e  feel  t h a t  t h e  onse t  of  an 

i n c r e a s e  i n  r e s i s t i v i t y  wi th  a p res su re  inc rease ,  e s p e c i a l l y  on t h e  curves  f o r  

s e rpen t in i zed  dun i t e ,  i s  a s s o c i a t e d  wi th  t h e  t i m e  o f  rock fragmentat ion.  

The behavior  of  t h e  r e s i s t i v i t y  of o l i v i n i t e ,  s e r p e n t i n i t e  and e c l o g i t e  

w a s  s tud ied  by U. I. Moiseyenko and V. Y e .  I s tomin (1964) a t  a tempera ture  of  
L 

600" and a p res su re  up t o  30,000 kg/cm . Under t h e s e  c o n d i t i o n s  a cons tan t  de- 

crease i n  r e s i s t i v i t y  w a s  observed wi th  a p res su re  inc rease .  

Y e .  B. Lebedev and N. I. Khitarov (1964) observed a cons ide rab le  decrease  

i n  t h e  r e s i s t i v i t y  of  g r a n i t e s  ( i n  t h e  presence of water )  i n  a p re s su re  range 

up t o  9,000 kg/cm2 and a t  tempera tures  from 600 t o  1,200'. 

R. S. Bradley, A. K. T a m i l  and D. S. Munro (Bradley, Tamil, Munro, 1962) a l s o  

mentions a decrease  i n  t h e  r e s i s t i v i t y  of  f a y a l i t e  and s p i n e l  w i th  a p res su re  

i n c r e a s e  t o  35,000 kg/cm2 a t  t empera tures  up t o  680". 

A communication by 

Most r e s e a r c h e r s  engaged i n  a s tudy  of t h e  behavior  o f  e l e c t r i c  conduct iv i ty  

a t  high tempera tures  endeavor t o  c l a r i f y  t h e  e lec t r ic  conduc t iv i ty  mechanism. 

The a c t i v a t i o n  energy E and t h e  va lue  of t h e  preexponent ia l  t e r m  0 f o r  t h e  

der ived  dependences w e r e  computed f o r  t h i s  purpose. E. I. Parkhomenko (1965) 

publ ished summarized 0 and E d a t a  f o r  rocks of a c i d i c ,  i n t e rmed ia t e ,  b a s i c  and 

u l t r a b a s i c  composition. She concludes on t h e  b a s i s  of  d a t a  from a number of  

r e s e a r c h e r s  t h a t  t h e  a c t i v a t i o n  energy E f o r  i n t e rmed ia t e  and a c i d i c  rocks i s  

low, 0.7 t o  0.9 e V  f o r  tempera tures  below 600 t o  700". 

temperature  t h e  a c t i v a t i o n  energy i n c r e a s e s  and i n  t h e  range 1,000 t o  1,200" 

a t t a i n s  4 t o  12.5 e V .  The a c t i v a t i o n  energy of  b a s i c  and u l t r a b a s i c  rocks  a t  

a tempera ture  of  650" i s  0.6 t o  0.9 e V ,  which i n  some c a s e s  i s  c l o s e  t o  t h e  

a c t i v a t i o n  energy of  a c i d i c  and in t e rmed ia t e  rocks.  

t o  1.6 e V  and only  i n  some c a s e s  has  h igher  values .  

0 

0 

With an inc rease  i n  

When T > 800" E i n c r e a s e s  

A t  h igh tempera tures  ( f o r  
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example, f o r  g r a n i t e  more than  1,250'' and f o r  d iabase  870") t h e  au thor  n o t e s  

a decrease  i n  a c t i v a t i o n  energy, r e l a t i n g  it t o  t h e  mel t ing  of t h e  rock. 

Spec ia l  experiments f o r  c l a r i f y i n g  t h e  na tu re  of t h e  c u r r e n t  c a r r i e r s  w e r e  L9 
c a r r i e d  o u t  by N. Cos te r  (Cos ter ,  1948). The au thor  concludes t h a t  e l e c t r o n s  

as w e l l  as ions p a r t i c i p a t e  i n  t h e  c u r r e n t  t r a n s f e r .  K. Noritomi, e t  a l . ,  

(1955, 19561, i n  ana lyz ing  t h e i r  experiments and t h e  r e s u l t s  of ear l ier  s t u d i e s ,  

concluded t h a t  i n  o l i v i n e s  o r  rocks  having t h e  s t r u c t u r e  of o l i v i n e ,  t h e  elec- 

t r i c  conduc t iv i ty  a t  T = 600" corresponds t o  so-ca l led  e x t r i n s i c  conduc t iv i ty ,  

i n  t h e  range 600 t o  l l O O o  t o  semiconductor i n  combination wi th  i o n i c  conduc- 

t i v i t y ,  and a t  T = l l O O o  t o  i o n i c  conduct iv i ty .  The comparison of  t h e  chem- 

ica l  composition o f  a c i d i c  and in t e rmed ia t e  rocks and t h e i r  a c t i v a t i o n  ener-  

g i e s  made by K. Noritomi (1961) enables  him t o  p o s t u l a t e  a s u b s t a n t i a l  r o l e  o f  

S i02  and A 1  0 

Murase (Murase, 1962) a l s o  n o t e s  some dependence of a c t i v a t i o n  energy on t h e  

compound S i 0  

compounds i n  t h e  mechanism of rock e l e c t r i c  conduct iv i ty .  T. 
2 3  

2' 
F. S. Zakirova (1964) p o s t u l a t e s  t h a t  i n  t h e  region 700 t o  150O0, t h a t  

i s ,  between t h e  f irst  and second i n f l e c t i o n s  on t h e  dependence curves ,  t h e  

c u r r e n t  c a r r i e r s  a r e  potassium and sodium ions.  A t  h igh temperatures  b i v a l e n t  

i o n s  p a r t i c i p a t e  i n  c u r r e n t  t r a n s f e r .  In  a d d i t i o n ,  f o r  rocks  with an i d e n t i c a l  

potassium con ten t ,  F. S. Zakirova n o t e s  a r e l a t i o n s h i p  between e l e c t r i c  con- 

d u c t i v i t y  a t  t h e  second curve  i n f l e c t i o n  poin t  and rock a g e .  The g r e a t e r  t h e  

age of  t h e  rock,  t h e  l e s s e r  i s  i t s  cs; t h i s  i s  r e l a t e d  t o  an accumulation of 

valency,  occur r ing  a s  a r e s u l t  of t h e  r a d i o a c t i v e  decay of  K 4 0  i n  which C a  

is  formed. 

40 

A d e t a i l e d  s t u d y  of t h e  e l e c t r i c  conduc t iv i ty  mechanism was made by R. 

Hamilton (Hamilton, 1965) ;  he i n v e s t i g a t e d  t h e  temperature ,  composition and 

conduc t iv i ty  mechanism f o r  t h e  upper mantle. For o l i v i n e s  of d i f f e r e n t  com- 

p o s i t i o n  he noted a decrease  i n  a c t i v a t i o n  energy wi th  a p res su re  i n c r e a s e  and 

a dependence of conduc t iv i ty  on f a y a l i t e  conten t .  On t h e  b a s i s  of an a n a l y s i s  

of s t u d i e s  on t h e  e l e c t r i c  conduc t iv i ty  of minera ls  poss ib ly  c o n s t i t u t i n g  t h e  

upper mantle,  t h e  au thor  concludes t h a t  c l a r i f i c a t i o n  of t h e  type  of charge 

carr iers  is  t h e  most important  problem i n  s tudying t h e  e l e c t r i c  conduc t iv i ty  

mechanism. He a l s o  p o i n t s  ou t  t h a t  t o  a cons ide rab le  degree,  e l e c t r i c  con- 

d u c t i v i t y  i s  dependent on smal l  i m p u r i t i e s  i n  rock samples and t h e  degree o f  

t h e i r  ox ida t ion ,  caused by t h e  medium surrounding t h e  sample during t h e  

experiment. 

5 



Such i s  the fundamental information on changes i n  the e l ec tr i c  con- 

ductivity of rocks under different thermodynamic conditions, the object of 

our investigations.  

6 
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CHAPTER I 

ELECTRIC PROPERTIES OF ROCKS 
AT H I G H  TEMPERATURES AND PRESSURES 

Measurement Apparatus and Method 

I n  determining t h e  r e s i s t i v i t y  of rocks w e  t e s t e d  s e v e r a l  forms of  appara- 

--_ - . . . .~ 

/lo 
t u s  and s y s t e m s  wi th  a MOM-4 o r  E6-3 thermaohmmeter. The measurements w e r e  

made by t h e  dc c u r r e n t  method a t  a h igh  temperature  and a t  atmospheric p re s su re  

i n  a muff le  furnace  wi th  a maximum working temperature  up t o  1,250'. Contact 

with t h e  sample w a s  wi th  two f l a t  e l e c t r o d e s  which w e r e  a t t ached  by a s p e c i a l  

sp r ing  device.  Temperature was measured with platinum-platinum-rhodium thermo- 

couples .  The samples were prepared i n  t h e  form of d i s k s  15 mm i n  diameter  and 

5 nun h igh.  

I n  s tudying t h e  e f f e c t  of u n i l a t e r a l  p re s su re  a t  room temperature  and with 

hea t ing  t o  250' we used "bombs" of  t h e  Adams type  wi th  e x t e r n a l  hea t ing .  A 

sample 15 mm i n  diameter  and up t o  20 nun h igh was packed i n  a p y r o p h y l l i t e  o r  

p l a s t i c  s leeve .  Punches of instrument  steel a t  t h e  same t i m e  served as e lec-  
z 

t rodes .  The magnitude of u n i l a t e r a l  p ressure  a t t a i n e d  20,000 kg/cm ; t h e  com- 

puted h y d r o s t a t i c  p re s su re  w a s  approximately 2,000 t o  3,000 kg/cm . 2 

Figure  1 i s  a diagram of  a high-pressure appara tus  used i n  measuring re- 
2 

s i s t i v i t y  at  a temperature  - 6 0 0 O  and a pressure  - 30,000 kg/cm . The c y l i n d e r ,  

punches and punch suppor t s  w e r e  f a b r i c a t e d  from thermal ly  processed high-speed 

R-18 s t e e l ;  t h e  c y l i n d e r  and suppor t s  support ing elements  w e r e  made from 40X - /11 

a l loyed  s t e e l .  The i n v e s t i g a t e d  sample w a s  p laced i n  a p y r o p h y l l i t e  s l e e v e  

which f i t t e d  t i g h t  i n  t h e  cy l inde r .  Gaskets of  t h i n  copper f o i l  w e r e  used f o r  

improving t h e  e l e c t r i c  con tac t  between t h e  sample and t h e  punches. The e lectr ic  

i n s u l a t i o n  of  t h e  measuring c i r c u i t  w a s  insured  by a set of mica gaskets .  The 

thermocouple measuring l e a d s  passed through porce l a in  and q u a r t z  tubes.  During 

t h e  course  o f  t h e  experiment t h e  tempera ture  of t h e  la teral  s u r f a c e  of  t h e  

appa ra tus  w a s  monitored. The f o r c e  on t h e  punches w a s  c r e a t e d  by a 220-ton 

UVD-1 p ress .  

I n  o r d e r  t o  s tudy  t h e  effect  o f  temperature  on r e s i s t i v i t y  of some types  

of  igneous rocks  at normal p r e s s u r e  t h e  samples w e r e  hea ted  t o  1,200'. R e s i s -  

7 
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Figure  1. High-pressure appa ra tus  f o r  determining rock r e s i s t i v i t y .  

1 - i n s u l a t i o n ;  2 - p i s t o n ;  3 - upper suppor t ;  4 - suppor t ing  u n i t  f o r  
suppor t s ;  5 - fu rnace  winding; 6 - furnace ;  7 - punches; 8 - copper 
f o i l ;  9 - i n v e s t i g a t e d  sample; 10 - working c y l i n d e r ;  11 - support  f o r  
c y l i n d e r  10;  12 - p y r o p h y l l i t e  s l eeve ;  13 - lower suppor t ;  14 - sup- 
po r t ing  u n i t  f o r  suppor t ;  15 - t e x t o l i t e  base;  A - thermocouple; 
B - c u r r e n t  supply f o r  fu rnace ;  C - e l e c t r i c  l eads .  

t i v i t y  w a s  measured during hea t ing  and cool ing  and a l s o  dur ing  repea ted  hea t ing .  

2 
I n  s tudying t h e  effect of  p r i m a r i l y  u n i l a t e r a l  p r e s s u r e  up t o  20,000 kg/cm 

( t h e  h y d r o s t a t i c  p re s su re  i n  t h e s e  experiments  w a s  approximately 2,000 t o  3,000 

/12 - 

d 
kg/cm ) most of  t h e  experiments  w e r e  performed a t  room temperature .  In  ind iv-  

i d u a l  cases t h e  rock samples w e r e  hea ted ,  but  by not  more than  2.50". 

During t h e  subsequent s tudy  of  rock r e s i s t i v i t y  t h e  experiments w e r e  con- 

ducted under t h e  s imultaneous in f luence  of  tempera ture  and pressure .  The hydro- 

s t a t i c  p res su re  a t t a i n e d  30,000 kg/cm 
2 

a t  a tempera ture  - 500". 

Experiments f o r  t h e  s tudy  of rock e lec t r ic  conduc t iv i ty  w e r e  performed i n  

t h r e e  r e g i m e s :  (1 )  a t  normal atmospheric p re s su re ,  bu t  a t  h igh  temperatures;  

( 2 )  a t  room tempera ture  and increased  ( u n i l a t e r a l )  p re s su res ;  and (3)  a t  high 

tempera tures  and pressures .  

E l e c t r i c  Conduct ivi ty  ~ of  Rocks a t  High Temperatures 

A t  a temperature  up t o  1,200" w e  s t u d i e d  t h e  r e s i s t i v i t y  of  g r a n i t e ,  

o l i v i n i t e ,  dun i t e ,  and pyroxeni te .  The measurement r e s u l t s  are given i n  

F igure  2 and Table 1. 
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The r e s i s t i v i t y  va lues  f o r  t h e  s tud ied  d u n i t e  samples are incons tan t  p r i o r  

t o  hea t ing  and vary  i n  t h e  range  1.10 9 - 5.10~ ohmem. 

temperature  almost a l l  t h e  va lues  co inc ided ,  a t t a i n i n g  4.2010 

The r e s i s t i v i t y  va lues  f o r  d u n i t e  samples a f t e r  cool ing ,  l i k e  f o r  o t h e r  rocks,  

w e r e  lower than  t h e  i n i t i a l  va lues :  8.2-10 -1.7-10 0 h m . m .  

A t  t h e  maximum hea t ing  
2 - 4 . 6 0 1 0 ~  ohm=m. 

8 9 

Ind iv idua l  pyroxeni te  samples d i f f e r e d  i n  r e s i s t i v i t y  p r i o r  t o  hea t ing  
2 

(1=109 - 2-1010 o h m e m ) ,  a t  maximum tempera ture  (5.0-10 - 2.7-10 
8 

a f t e r  cool ing  (2.1*107 - 3.5-10 

t h e  o t h e r  i n v e s t i g a t e d  rocks.  The curves  i n  F igure  2 i l l u s t r a t e  t h e  genera l  

n a t u r e  of  t h e  changes i n  r e s i s t i v i t y  f o r  t h e  i n v e s t i g a t e d  rocks  as a func t ion  

of  temperature  v a r i a t i o n s .  

l a t i o n s h i p  I n  p = f ( l / T ) ,  where T i s  abso lu te  tempera ture) .  

ohm=m), and 

ohm-m). A s i m i l a r  p i c t u r e  i s  a l s o  noted f o r  

(The f i g u r e  s c a l e  corresponds t o  t h e  f u n c t i o n a l  re-  

Analysis  of t h e s e  curves  makes it poss ib l e  t o  d e t e c t  some p e c u l i a r i t i e s  i n  

t h e  change of r e s i s t i v i t y  o f  rocks  a t  high temperature ,  c h a r a c t e r i s t i c  of  a l l  

t h e  i n v e s t i g a t e d  rocks.  

F i r s t  t h e r e  i s  a r e g u l a r  decrease  i n  r e s i s t i v i t y  i n  t h e  process  of hea t ing  - /13 

t o  1 ,200°,  a t t a i n i n g  6 t o  8 o r d e r s  of magnitude i n  comparison wi th  t h e  i n i t i a l  

l e v e l .  The r e s i s t i v i t i e s  a t  1 ,200° are extremely c l o s e  f o r  d i f f e r e n t  rocks.  

F igure  2. Dependence of r e s i s t i v i t y  of g r a n i t e  ( a ) ,  pyroxeni te  (b), 
dun i t e  ( c ) ,  and o l i v i n i t e  (d) on temperature.  

1 - with  i n i t i a l  h e a t i n g ;  2 - with  cool ing;  
3 - with  repea ted  hea t ing .  

9 



Despi te  t h e  decrease  i n  r e s i s t i v i t y  wi th  a tempera ture  inc rease ,  t h e  re- 

s i s t i v i t y  curves  have l o c a l  peaks,  

o f  500". A t  100 t o  110' t h e  hea t ing  curves  f r e q u e n t l y  show a r e s i s t i v i t y  peak 

which is c l e a r l y  repea ted  on t h e  cool ing  curves.  The r e s i s t i v i t y  peak on t h e  

hea t ing  curve,  observed i n  t h e  range 350 t o  500", d i sappea r s  during cool ing.  

A t  a h ighe r  temperature  r e s i s t i v i t y  decreases  monotonical ly;  t h e  measured re- 

s i s t i v i t i e s  f a l l  on a s t r a i g h t  l i n e .  

"humps, '' which are observed t o  a temperature  

I n  most c a s e s  t h e  r e s i s t i v i t y  curve f o r  t h e  first hea t ing  does not  co inc ide  

wi th  t h e  cool ing  curves  and t h e  repea ted  hea t ing  curves.  The o r d i n a t e s  of  t h e  

l a t t e r  are less than  t h e  o r d i n a t e s  of t h e  first curve  and t h e  curves  themselves  

are cons iderably  s t r a igh tened .  

TABLE 1. RESISTIVITY OF ROCKS AS A FUNCTION OF TEMPERATURE 

Rock 

Dunite  
II 

II 

O l i v i n i t e  
I 1  

Gran i t e  
II 

Pyro xen i t e 
I1 

11 

Before hea t ing  

5.3*I09 
5.0*109 

8.5 * IO" 
4.0.10' 
5.3* IO7 

I . 3  * IE9 

3 (4. IO9 

I .I - 109 

1 .3.m9 

2,I.IOIO 

R e  si st i v i  t y , ohm e m  

Maximum hea t ing  
._ - __ _ _  

(1,200 
~ - - . - - - . 

4.2.10' 
4.4. IO2 
4.6~10~ 
2.8.10 

8?5*10 

4.4.10 
8.8.10 

5.0-10 

2.7 - IO2 
I. i. Io2 

A f t e r  cool ing  

I,7.109 

I.3*I09 

5,2*108 

IJ.108 
2,8 - IO 
l,r;+1o7 

7 

5,5.108 
I.9-I08 

4.6'1kJ 

2.1~10~ 

E l e c t r i c  Conduct iv i ty  o f  Rocks Under U n i l a t e r a l  P r e s s u r e  

Under u n i l a t e r a l  p re s su re  up t o  20,000 kg/cm and h y d r o s t a t i c  p re s su re  

._ - - - . -. -~ ~ - - 
2 

L 
no t  exceeding approximately 2,000 t o  3,000 kg/cm 

sometimes wi th  hea t ing  t o  250" w e  s t u d i e d  t h e  r e s i s t i v i t y  of o l i v i n i t e  (Mon- 

chegorsk) ,  marb e (without  s i t e  i d e n t i f i c a t i o n ) ,  s e r p e n t i n i t e  ( U r a l s ,  Eas t e rn  

Sayan),  d u n i t e  Ura ls )  , b a s a l t ,  pyroxeni te ,  and p e r i d o t i t e  (Urals) .  F igu re  3 
shows curves  o f  t h e  dependence o f  r e s i s t i v i t y  on p r e s s u r e  f o r  rocks of  d i f f e r e n t  

a t  room temperature  and 

10 



composition. Under t h e  in f luence  of p re s su re  a l l  t h e  i n v e s t i g a t e d  rocks  ex- 

h i b i t  a decrease  i n  r e s i s t i v i t y ,  a t t a i n i n g  some minimum value ,  and then  aga in  

inc reas ing .  The n a t u r e  of  t h e  examined curves  is d i f f e r e n t  f o r  each rock 

v a r i e t y .  The r e s i s t i v i t y  decrease  v a r i e s  i n  t h e  range from f r a c t i o n s  of one 

t o  two o r d e r s  of  magnitude. The greatest r e s i s t i v i t y  change w a s  observed f o r  

marble,  s e r p e n t i n i t e  and b a s a l t  (curves  1-3) ; t h e  minimum w a s  observed f o r  

p e r i d o t i t e  and pyroxeni te  (curves  5, 6) .  The minimum on t h e  r e s i s t i v i t y  curve  

f o r  each rock type  corresponds t o  a d i f f e r e n t  pressure  on t h e  sample. The min- 

imum value  of  t h e  l a t t e r  i s  700 kg/cm f o r  s e r p e n t i n i t e  and t h e  maximum value  

is 8,500 kg/cm2 f o r  duni te .  The i n t e r v a l  of  t h e  minimum va lues  on t h e  resis- 

t i v i t y  curves  is  expressed d i f f e r e n t l y  f o r  d i f f e r e n t  rocks.  For b a s a l t ,  ser- 

p e n t i n i t e  and marble t h e  minima have t h e  form of  a sha rp  peak. Af t e r  t r a n s i t i o n  

through t h e  minimum t h e i r  r e s i s t i v i t i e s  i nc rease  sharp ly ,  a t t a i n i n g  va lues  ex- 

ceeding t h e  i n i t i a l  l e v e l s .  The minimum r e s i s t i v i t y  va lue  f o r  pyroxeni te ,  which 

L15 

2 

z 
remains cons t an t ,  a t  p re s su res  of  1,400 t o  12,000 kg/cm 

most s t r a i g h t  l i n e .  

s t a b l y  wi th  a uniform r e s i s t i v i t y  increment exceeding 1 t o  1.5-107 0hm.m p e r  

1,000 kg/cm . 
a c t e r i z e d  by in t e rmed ia t e  r e s i s t i v i t y  va lues  f o r  b a s a l t ,  s e r p e n t i n i t e  and pyroxeni te .  

corresponds t o  an a l -  

In  t h e  p r e s s u r e  range 12,000 t o  20,000 kg/cm2 it i n c r e a s e s  

2 
For t h e  o t h e r  rocks  which w e  s tud ied  t h e  r e s i s t i v i t y  change i s  char-  

The fol lowing conclus ion  can be drawn on t h e  b a s i s  of  t h e  above: 

( a )  wi th  a p res su re  i n c r e a s e  t h e  r e s i s t i v i t y  of rocks  i n i t i a l l y  decreases ;  

( b )  t h e  p re s su re  a t  which t h e  minimum r e s i s t i v i t y  is a t t a i n e d  v a r i e s  from 

700 t o  8,500 kg/cm2 f o r  d i f f e r e n t  rock types ;  

( c )  t h e  minima on t h e  cu rves  o f  t h e  dependence of  r e s i s t i v i t y  on p res su re  

are d i f f e r e n t l y  expressed:  i n  some cases i n  t h e  form of  sha rp  peaks,  and i n  

o t h e r s  i n  t h e  form of more i n d i s t i n c t  peaks wi th  a ho r i zon ta l  segment i n  a 

cons ide rab le  p re s su re  range;  

(d)  wi th  a f u r t h e r  p r e s s u r e  inc rease ,  r e s i s t i v i t y  i n c r e a s e s ,  t o  d i f f e r e n t  L.27 
degrees  f o r  d i f f e r e n t  rocks  (see F igure  3) .  

I n  connect ion wi th  t h e  d a t a  given above on t h e  changes of rock r e s i s t i v i t y  

wi th  a change i n  p re s su re  it i s  of i n t e r e s t  t o  cons ide r  some in format ion  on t h e  

behavior  of  vo lumetr ic  weight and s p e c i f i c  g r a v i t y ,  p o r o s i t y  and s t r u c t u r e  of 

t h e s e  s a m e  rocks under t h e s e  same condi t ions .  However, due t o  t h e  l a c k  of 
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TABLE 2. SPECIFIC GRAVITY, VOLUMETRIC WEIGHT AND COEFFICIENT OF TOTAL ROCK POROSITY. 
w 
N 

S p e c i f i c  I S p e c i f i c  I 

g r a v i t y ,  Density 
Rock g/cm3 g/cm3 OC 

3,251 

j Under normal cond i t ions  

I 

2,96 

Pyroxenite 3,311 

Dunite 2,OC 

P e r i d o t i t e  2.81 

3 .'t4 
O l i v i n i t  e 

Serpent i n i  t e 2 t73 

I 

Ec 1 og it  e 3,3I 

2,76 

3 , 3 6  

3,30 

2,09 

2,07 

I ,77 

I ,70 

2 ,?3 

0,30 

Afte r  exposure t o  p re s su re  and temperature 

IO , 3  
I2 ,7 
IC  ,5 

I5 ,I 
9,7 

I9,3 

I6,3 
I I , 7  

I4*2 
I I , 2  

5 ,I 
9,4 
778 

IO,5 

I O  ,a 

I3,8 
I 4  ,o 
25,5 

I I , 2  
I I , 8  
T6,6 

I2,4 
I3,8 

I 3 , I  
I 9 , I  

4 , I  
I6,6 
I7 ,2  
22,6 

21,o 

20 
20 
20 

EO 
20 
20 

20 
20 

20 
20 

20 
20 
20 

250 

20 

Commas r ep resen t  decimal p o i n t s  



I s p e c i a l  appara tus  and measurement methods 

ohm- m f o r  determining t h e s e  parameters ,  t hey  w e r e  

determined during t h e  course  of t h e  exper i -  

ment, under normal c o n d i t i o n s  and a f te r  

p res su re  w a s  removed. 

I 
d S p e c i f i c  g r a v i t y  was determined by 

t h e  h y d r o s t a t i c  weighing method i n  pure 

a lcohol  i n  micropycnometers and volumetr ic  
-- 1 - - I -- - T--- 

5 IO 15 5 to 15 weight w a s  determined by t h e  weighing of  
P.:Q3 kg/cm 

pa ra f f ined  samples i n  d i s t i l l e d  w a t e r  (Table  

2) .  Only t h e  s p e c i f i c  g r a v i t y  of rocks d i d  

not change under t h e  in f luence  of t h e  pres-  

F igure  3. Dependence of rock 
r e s i s t i v i t y  on u n i l a t e r a l  p re s su re .  

1 - b a s a l t ;  2 - marble;  3 - ser- 
p e n t i n i t e ;  4 - o l i v i n i t e ;  s u r e  t o  which t h e  rock w a s  subjec ted  ( t h e  
5 - p e r i d o t i t e ;  6 - pyroxeni te ;  observed s p e c i f i c  g r a v i t y  v a r i a t i o n s  w e r e  
7 - duni te .  

wi th in  t h e  l i m i t s  of  measurement e r r o r ) .  

However 

viou sl y 

c r e a s e  

because 

cracked 

t h e  volumetr ic  weight of a l l  t h e  rocks  decreased cons iderably ,  ob- 

caused by an i n c r e a s e  i n  t h e i r  t o t a l  po ros i ty  c o e f f i c i e n t .  The de- 

n volumetr ic  weight and i n c r e a s e  i n  rock p o r o s i t y  ev iden t ly  occurred 

u n i l a t e r a l  p re s su re  predominated i n  t h e  experiments and t h e  rocks  

when it w a s  appl ied .  For  t h e  t i m e  being it  has  been impossible  t o  

e s t a b l i s h  a more p r e c i s e  r e l a t i o n s h i p  between t h e  degree o f  pressure ,  on t h e  

one hand, and t h e  p o r o s i t y  c o e f f i c i e n t  o r  volumetr ic  weight on t h e  o t h e r .  For 
z 

example, f o r  o l i v i n i t e  a t  a p re s su re  of 19,000 kg/cm t h e  t o t a l  po ros i ty  co- 

e f f i c i e n t  w a s  11.2% and a t  13,000 kg/cm2 it  w a s  14.2%, al though it would seem 

t h a t  t h e  r eve r se  should be t r u e .  S i m i l a r  examples can a l s o  be given f o r  o t h e r  

rocks.  This  matter obviously r e q u i r e s  spec ia l  i n v e s t i g a t i o n .  

E l e c t r i c  Conduct ivi ty  of  Rocks a t  High Temperatures and P res su res  

The las t  s tage i n  t h e  descr ibed  experiments w a s  a s e r i e s  of  experiments 

- -- . -- - - 

a t  high tempera tures  and p res su res .  A s  a l ready  mentioned, i n  i n v e s t i g a t i n g  

t h e  in f luence  of u n i l a t e r a l  p r e s s u r e  i n  Adams "bombs" some o f  t h e  samples were 

hea ted  t o  250". However, i n  t h e  high-pressure appara tus  whose design i s  shown 

i n  F igu re  1, rock r e s i s t i v i t y  w a s  determined with t h e i r  hea t ing  above 500" and 

a t  a h y d r o s t a t i c  p re s su re  up t o  31,000 kg/cm . Under t h e s e  cond i t ions  w e  

s t u d i e d  t h e  behavior  o f  o l i v i n i t e  (Monchegorsk) , s e r p e n t i n i t e  (Ura l s ) ,  and 
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e c l o g i t e  (Northern Kazakhstan). The o l i v i n i t e  and e c l o g i t e  samples w e r e  

hea ted  t o  600°, a f t e r  which they  w e r e  sub jec t ed  t o  a pres su re  up  t o  23,000 
z 

kg/cm . The hea t ing  tempera ture  w a s  maintained cons t an t  dur ing  t h e  experiment. 

The behavior  of s e r p e n t i n i t e  w a s  s tud ied  a t  440" and a p r e s s u r e  of  31,000 kg/cm . 
Figure  4 shows t h a t  a l l  rocks  w e r e  cha rac t e r i zed  by a r e s i s t i v i t y  decrease.  How- 

eve r ,  t h e  degree of  t h i s  dec rease  and t h e  n a t u r e  of t h e  change w e r e  d i f f e r e n t  

f o r  d i f f e r e n t  rocks.  For  example, a t  atmospheric p r e s s u r e  and a temperature  of  

6 0 0 ° C  t h e  r e s i s t i v i t y  of  o l i v i n i t e  w a s  5.6010 

corresponds t o  t h e  beginning of curve 1). 

temperature  caused a smooth decrease  i n  o l i v i n i t e  r e s i s t i v i t y ;  a t  a p re s su re  

of 10,000 kg/cm 

it w a s  3 . 3 0 1 0 ~  ohm-m. 

2 

6 ohm" ( i n  F igu re  4 t h i s  po in t  

The p r e s s u r e  i n c r e a s e  a t  t h i s  s a m e  

2 2 i t  a t t a i n e d  6 .4010~ ohmom, and a t  a p r e s s u r e  o f  23,000 kg/cm 

A somewhat d i f f e r e n t  p i c t u r e  w a s  observed f o r  e c l o g i t e ,  whose r e s i s t i v i t y  

a t  a temperature  o f  600" and atmospheric p re s su re  w a s  5.3-105 ohm-m. 
2 

p re s su re  inc rease  t o  4,500 kg/cm it decreased s h a r p l y  ( t o  2.3-1o5 ohm-m). 

a f u r t h e r  i nc rease  i n  p r e s s u r e  t o  17,000 kg/cm 

a tendency t o  a slow i n c r e a s e  (see F igure  4 ) .  

With a 

With 
2 

t h e  r e s i s t i v i t y  of  e c l o g i t e  had 

F igu re  4. Dependence of 
r e s i s t i v i t y  o f  o l i v i n i t e  
(11, e c l o g i t e  (2) and 
s e r p e n t i n i t e  (3)  on 
p r e s s u r e  a t  high 
temperatures .  

I n  t h e  experiments  w i th  s e r p e n t i n i t e  t h e  

hea t ing  tempera ture  w a s  somewhat lower (440'1, but 

t h e  e f f e c t  of a change i n  i t s  r e s i s t i v i t y  w a s  m a n i -  

f e s t e d  cons iderably  more c l e a r l y :  t h e  range o f  de- 

c r e a s e  a t t a i n e d  f o u r  o r d e r s  of  magnitude. A t  t h e  

s a m e  t i m e  (see F igure  41, f o r  s e r p e n t i n i t e  wi th  a 

p r e s s u r e  i n c r e a s e  from 2,500 t o  31,000 kg/cm , an 

extremely s i g n i f i c a n t  (by f o u r  o r d e r s  of  magnitude) 

two-step decrease  i n  r e s i s t i v i t y  w a s  c h a r a c t e r i s t i c .  

A very  i n s i g n i f i c a n t  (from 1=105 t o  9.5010 

decrease  i n  r e s i s t i v i t y  a t  a p r e s s u r e  up t o  2,500 

kg/cm2 is then  rep laced  by a sha rp  (by a f a c t o r  of  

lo2) crease i n  t h e  p r e s s u r e  range 2,500 t o  9,000 /19 

kg/cm . A t  p r e s su res  of 9,000 t o  15,000 kg/cm . 
r e s i s t i v i t y  aga in  dec reases  s lowly,  by on ly  0.3 t o  

0 .5010~ ohmom pe r  1,000 kg/cm , a f t e r  which i n  t h e  

p re s su re  range 15,000 t o  21,000 kg/cm2 t h e r e  i s  

2 

4 ohmem) 

- 
2 2 

2 
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aga in  a sha rp  r e s i s t i v i t y  drop-off  from 8.5-102 t o  5.5-10 0hm.m. 

p r e s s u r e  i n c r e a s e  ( t o  27,000 kg/cm ) r e s u l t s  i n  a r e s i s t i v i t y  dec rease  by an 

A f u r t h e r  
2 

L extremely s m a l l  value.  A t  t h e  maximum p r e s s u r e  (31,000 kg/cm 1 ,  a t t a i n e d  i n  

experiments with s e r p e n t i n i t e ,  i t s  r e s i s t i v i t y  w a s  42 ohm-m, t h a t  is it de- 

c reased  by fou r  o r d e r s  of magnitude from t h e  i n i t i a l  l e v e l  a t  room temperature  

and atmospheric pressure.  

These i n v e s t i g a t i o n s  revea led  i n t e r e s t i n g  p e c u l i a r i t i e s  i n  t h e  change i n  

rock r e s i s t i v i t y  as a f u n c t i o n  of  temperature  and pressure.  In  p a r t i c u l a r ,  i n  

a l l  t h e  i n v e s t i g a t e d  rocks  it  decreases  with a temperature  i n c r e a s e  and a t  

normal p re s su re .  I t  i s  important  t o  n o t e  t h a t  f o r  rocks  of  d i f f e r e n t  composi- 

t i o n  d i f f e r i n g  i n  r e s i s t i v i t y  a t  room temperature ,  t h e  r e s i s t i v i t i e s  become 

c l o s e  i n  va lue  a t  a temperature  - l , O O O o  (see Table 1 ) .  

Under t h e  i n f l u e n c e  of  predominantly u n i l a t e r a l  p r e s s u r e  a t  20° t h e  n a t u r e  

o f  changes i n  rock r e s i s t i v i t y  is  cons iderably  more complex: with a p r e s s u r e  

i n c r e a s e  i t  dec reases  t o  d e f i n i t e  l e v e l s  and then  i n c r e a s e s ,  sometimes exceed- 

ing  t h e  i n i t i a l  l e v e l .  

Under high temperatures  t h e r e  i s  a cons t an t  dec rease  i n  r e s i s t i v i t y  wi th  

an i n c r e a s e  i n  h y d r o s t a t i c  p re s su re .  These r e s u l t s  must be taken i n t o  account 

when i n t e r p r e t i n g  v a r i a t i o n s  of  t h e  geomagnetic f i e l d ,  when s tudying t h e  elec- 

t r i c  c o n d u c t i v i t y  of  rocks  i n  t h e  deep l a y e r s  o f  t h e  e a r t h .  

Rock E l e c t r i c  - Conduct ivi ty  Mechanism 

Igneous rocks  c o n s t i t u t e  a hard mineral  aggregate  whose e l ec t r i c  and 

~. . .~ _- .. 

thermal p r o p e r t i e s  are  determined by i t s  composition, t h e  n a t u r e  of  t h e  chemical 

bond and t e x t u r e .  Rock t e x t u r e  i s  of t h r e e  types :  p o l y c r y s t a l l i n e ,  v i t r e o u s  

(amorphous) and h y p o c r y s t a l l i n e .  The l a t t e r  c o n t a i n s ,  i n  d i f f e r e n t  q u a n t i t a t i v e  

r e l a t i o n s h i p s ,  both t h e  c r y s t a l  s t r u c t u r e  e lements  and t h e  u n c r y s t a l l i z e d  

v i t r e o u s  r e s idue .  

The mineral  composition of igneous rocks  is  represented  f o r  t h e  most p a r t  /20 - 
by ox ides ;  more than  74% i s  accounted f o r  by S i 0  and A 1  0 ( Z a v a r i t s k i y ,  19551, 

each of  which i n  pure form i s  c h a r a c t e r i z e d  by high r e s i s t i v i t y .  For  example, 

according t o  d a t a  publ ished by W. D. Kingery (19631, t h e  r e s i s t i v i t y  of  cry-  

s t a l l i n e  s a p p h i r e  (99.9% A 1  0 ) a t  20° i s  more than  10l2 0hm.m and a t  l , O O O o  

i s  10 ohm.m, whereas t h e  r e s i s t i v i t y  of  q u a r t z  g l a s s  (99.8% Si02)  a t  20° i s  

2 2 3  

2 3  6 
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4 above ohm-m and a t  l , O O O o  i s  10 ohm-m. 

I n  o u r  experiments  t h e  samples of dun i t e ,  o l i v i n i t e  and o t h e r  rocks  a t  20° 
a 

a l s o  had a high r e s i s t i v i t y  (lO1o-10 

sample t o  l , O O O o  t h e  r e s i s t i v i t y  decreased t o  10-lo2 ohm-m. 

rock r e s i s t i v i t i e s  a t  high tempera tures  are probably caused by d i f f e r e n t  i m -  

p u r i t i e s  i n  t h e  c r y s t a l l i n e  g r a i n s  and i n t e r c r y s t a l l i n e  l a y e r .  The i m p u r i t i e s  

can f a v o r  an i n c r e a s e  i n  t h e  concen t r a t ion  o f  charge  carriers and e x t r i n s i c  con- 

d u c t i v i t y  appears  i n  rocks  which i s  not  present  i n  pure mine ra l s  ( f o r  example, 

i n  t h e  mentioned sapph i re ) .  I t  should be noted t h a t  f o r  t h e  t i m e  being it i s  

impossible  t o  say  anything d e f i n i t e  concerning t h e  r e l a t i v e  r o l e  of conduc t iv i ty  

o f  c r y s t a l l i n e  g r a i n s  and t h e  i n t e r c r y s t a l l i n e  l a y e r .  Accordingly,  it is b e t t e r  

no t  t o  d i s t i n g u i s h  between them and i n s t e a d  u s e  f o r  igneous rock a hypo the t i ca l  

model of  a contaminated semiconductor wi th  a broad forb idden  zone. However, i n  

formula t ing  such a model it i s  extremely important  t h a t  a l a r g e  number of  i m -  

p u r i t i e s  is assumed, l ead ing  t o  a very low r e s i s t i v i t y  of igneous rocks ,  which 

i n  a c t u a l i t y  i s  not  observed. Th i s  d i f f i c u l t y  d i sappea r s  i f  it i s  assumed t h a t  

t h e  rock is  a semiconductor having mixed conduc t iv i ty  and t h i s  conduc t iv i ty  i s  

h igh ly  compensated, t h a t  is ,  t h e  i m p u r i t i e s  of t h e  donor and accep to r  t ypes  have 

almost i d e n t i c a l  concen t r a t  ions.  

0hm.m). However, wi th  hea t ing  o f  t h e  

The r e l a t i v e l y  low 

This  model makes it  p o s s i b l e  t o  expla in  t h e  experimental  da ta .  The curves  

of t h e  dependence of r e s i s t i v i t y  on temperature  during t h e  i n i t i a l  hea t ing  of 

t h e  rock samples a r e  complicated by a number o'f l o c a l  maxima, "humps." Each 

"hump" can be a t t r i b u t e d  t o  t h e  presence o f  i m p u r i t i e s  wi th  a d e f i n i t e  ac t iva -  

t i o n  energy and a system of "humps" can be a t t r i b u t e d  t o  t h e  presence of s eve ra l  

t ypes  of i m p u r i t i e s  wi th  d i f f e r e n t  a c t i v a t i o n  e n e r g i e s  which se rve  as a d d i t i o n a l  /21 

charge c a r r i e r s  f o r  d i f f e r e n t  tempera tures ,  determined by t h e  a c t i v a t i o n  energy. 
- 

A t  h igh tempera tures  t h e r e  a r e  i r r e v e r s i b l e  processes  wi th  a r e s t r u c t u r i n g  

of t h e  e x t r i n s i c  atoms. A s  a r e s u l t ,  t h e  cool ing  curve  is  smoothed, assuming 

t h e  shape of  an almost s t r a i g h t  l i n e  ( s e e  F igure  2 ) .  This  can be descr ibed  by 

t h e  empir ica l  formula 

assuming E is cons tan t .  I n  t h e  formula C and R are c o n s t a n t s ;  K i s  t h e  

Boltzmann cons tan t  and t h e  parameter E can be regarded as t h e  a c t i v a t i o n  energy. 
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If t h e  dependence of  p on T i s  exper imenta l ly  determined,  t h i s  formula can be  

used i n  e s t ima t ing  t h e  a c t i v a t i o n  energy of  i m p u r i t i e s  i n  t h e  i n v e s t i g a t e d  rock. 

The determined B and E v a l u e s  f o r  some rocks  are given i n  Table  3 .  The a c t i v a t i o n  

energy f o r  a l l  t h e  examined rocks  is less than  1.0 e V .  However, it i s  known t h a t  

f o r  pure  mine ra l s  it i s  cons ide rab ly  g r e a t e r  ( f o r  example, t h e  A 1  0 a c t i v a t i o n  

energy i s  more'than 5 e V ) .  

e x t r i n s i c  conduc t iv i ty  i n  t h e  igneous rocks. 

2 3  
Thus, t h e  o rde r  of t h e  determined E va lues  i n d i c a t e s  

-___ . .  

Act iva t ion  
Rock Parameter 

B 
energy 
E ,  e V  

-~ 

Dunite  0.91 0.32 
0.97 0.05 1 1  

I I  

Temperature Remarks 
range OC 

3 60- 1 140 Heating 
2 170- 140  Cooling 

11 

This  model, a l though i t  makes i t  poss ib l e  t o  exp la in  t h e  r e s u l t s  of ex- 

per iments  f o r  determining t h e  dependence of  r e s i s t i v i t y  of igneous rocks on 

tempera ture ,  n e v e r t h e l e s s  i s  not  r e l i a b l e  f o r  a q u a n t i t a t i v e  d e s c r i p t i o n  of t h e s e  

phenomena. A l a r g e  q u a n t i t y  of  s i m i l a r  d a t a  and spec ia l  i n v e s t i g a t i o n s  i n  t h i s  

f i e l d  a r e  obvious ly  necessary .  

01 i v i n i t  e 
I 1  

Pyroxeni te  

0.77 0 I 1060-500 

0.47 0 ' 920-100 1 1  

0.69 0.75 790-160 I I  

0.85 0.02 1060- 160 
i ! I 1  



CHAPTER I1 

THERMAL PROPERTIES O F  ROCKS AT ROOM TENPERATURE 

Measurement Apparatus and Method 

Nonstat ionary and s t a t i o n a r y  methods w e r e  used i n  measuring t h e  thermal 1 2 2  

c o e f f i c i e n t s  as a f u n c t i o n  o f  t h e  size o f  t h e  rock sample, I n  t h e  first case 

t h e  thermal  p r o p e r t i e s  w e r e  measured on l a r g e  samples (wi th  a minimum d i s t a n c e  

o f  100 mm between s u r f a c e s )  by t h e  p u l s e  probe method developed by G.  N. 

S t a r i k o v a  and A. P. Shushpanov and desc r ibed  i n  d e t a i l  i n  Geotermicheskiye 

I s s l edovan iya  [Geothermal I n v e s t i g a t i o n s ]  ( N a u k a ,  1964). W e  i n t roduced  on ly  a 

f e w  mod i f i ca t ions  i n t o  t h i s  method. F igu re  5 is a diagram o f  t h e  appa ra tus .  

The probe method w a s  a l s o  used i n  measuring c o r e s  40-70 mm i n  diameter,  bu t  t h e  

method w a s  somewhat modified.  

a cons t an tan  w i r e  0 .2  mm t h i c k  which w a s  p l aced  i n  a through opening i n  t h e  sample 

( t h e  diameter  o f  t h e  h e a t e r  opening w a s  4 mm) and w a s  h e l d  t i g h t  by f l u o r o p l a s t i c  

wedges. The d i s t a n c e  r between t h e  h e a t e r  and t h e  thermocouple w a s  5-10 mm. The 

thermocouple w a s  p l aced  i n  an a p e r t u r e  4 mm i n  diameter  p a r a l l e l  t o  t h e  h e a t e r .  

The thermojunct ion w a s  a t  t h e  level o f  t h e  middle o f  t h e  h e a t e r .  Its good con- 

t ac t  wi th  t h e  rock w a s  ensured by means o f  a dev ice  i n  t h e  form o f  a wedge, as 

i n  t h e  case o f  t h e  h e a t e r .  

v o l t a g e  o f  8-10 V. 

I n  t h i s  v a r i a n t  t h e  hea te r - sp r ing  w a s  r ep laced  by 

The c u r r e n t  source w a s  a b a t t e r y  o f  d ry  cells  wi th  a 

The measuring u n i t  remained t h e  s a m e  as f o r  l a r g e  samples. 

-JL 

-0-' 
TR 

F igure  5. Diagram o f  appa ra tus  
f o r  determining thermophysical 
c o n s t a n t s  by t h e  probe method. 
G- galvanometer; PPTN1- po ten t io -  
m e t e r ;  NE- normal element;  DV- 
D e w a r  vessel; T- thermocouple; 
A- ammeter; V- vo l tme te r ;  TR- 
t i m e  r e l a y ;  CS- c u r r e n t  source;  
H- h e a t e r ;  S- sample. 

The r e s u l t s  o f  measurements o f  h e a t  con- 1 2 3  
d u c t i v i t y  h, made on l a r g e  samples o f  white  

marble and p y r o p h y l l i t e ,  and then  on s m a l l  

samples p repa red  from them, a g r e e  w e l l  w i th  

one a n o t h e r  (Table  41.. 

The accuracy i n  measurements by t h e  

probe method i s  10%. 

I n  determining h e a t  conduc t iv i ty  on 

homogeneous samples o f  very s m a l l  s i z e  

( h  = 6 mm, d = 1 2  mm) w e  used an A-25 in-  

strument c o n s t r u c t e d  by t h e  I n s t i t u t e  o f  

Metrology (Committee on Standards,  Measures 

and Measuring Ins t rumen t s ) ;  i ts  o p e r a t i o n  i s  based on t h e  l a w s  o f  a s t a t i o n a r y  
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heat regime. 

( d  = 40 m m ) ,  
W/m.degree 

The hea t  f l u x  qx through t h e  i n v e s t i g a t e d  sample can be w r i t t e n  a s  fol lows:  

SCC ex = A x  A t2; -- 
h ’  

where 

1, i s  t h e  hea t  c o n d u c t i v i t y  c o e f f i c i e n t ;  

(d  = 100 m m ) ,  
W/m-degree 

A t x  is  t h e  temperature  drop  between t h e  sample s u r f a c e s  ( t h e  d i s t a n c e  be- 

tween them is  h ) ;  

Sx i s  t h e  a r e a  o f  t h e  sample through which t h e  f l u x  passes .  

The o p e r a t i n g  p r i n c i p l e  of  t h e  instrument  i s  based on measurement of t h e  - /24 

temperature  drop A t  w i t h  a cons t an t  hea t  f l u x .  The instrument  was c a l i b r a t e d  

us ing  a se r ies  of samples of  i d e n t i c a l  s i z e  ( h  = 6 m m ,  d = 1 2  mm) with a known 

hea t  conduct iv i ty  c o e f f i c i e n t  ( fused  q u a r t z ,  P l e x i g l a s ,  p y r o p h y l l i t e )  u s ing  t h e  de- 

pendence A t  A c a l i b r a t i o n  curve w a s  cons t ruc ted  us ing  t h e  

r e s u l t s  of t h e s e  measurements. The measurement e r r o r  d i d  no t  exceed 8%. 

X 

= f ( A x )  w i th  q, cons t .  
X 

Experimental R e s u l t s  

made 

T h i s  

During t h e  first s t a g e  i n  s tudy ing  t h e  thermal p r o p e r t i e s  of  rocks  w e  

a se r ies  o f  experiments a t  room temperature  and a t  atmospheric pressure.  

gave u s  some i d e a  concerning t h e  c h a r a c t e r i s t i c  hea t  c o n d u c t i v i t y  v a l u e s  

f o r  rocks  of  d i f f e r e n t  composition and i t s  r e l a t i o n s h i p  t o  o t h e r  phys i ca l  para- 

meters  and served as a point  of d e p a r t u r e  f o r  f u r t h e r  s i m i l a r  but  more complex 

experiments  a t  high temperatures .  The l a b o r a t o r y  i n v e s t i g a t i o n  which w e  had 

begun (Moiseyenko, Sokolova, 1963, 1967) w a s  made us ing  c o r e  samples from bore- 
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h o l e s ,  o r e  lumps o r  n a t u r a l  exposures.  W e  s t u d i e d  more than  500 samples of 

igneous and sedimentary rocks  from Eas te rn  Kazakhstan, t h e  Eas t e rn  Sayan, 

Yuzhno-Minusinskaya depress ion ,  West S i b e r i a n  Lowland, and t h e  Kamchatkan 

Peninsula  (Tables  5, 7) .  

F igure  6 shows t h e  dependence o f  t h e  hea t  conduc t iv i ty  c o e f f i c i e n t  on 

composition f o r  i n t r u s i v e  rocks  from Eas te rn  Kazakhstan and t h e  Eas te rn  Sayan. 

The rocks are arranged along t h e  x-ax is  i n  t h i s  f i g u r e  i n  accordance wi th  t h e  

degree i n  i n c r e a s e  of t h e i r  b a s i c i t y ;  hea t  conduc t iv i ty  c o e f f i c i e n t  va lues  1 

are p l o t t e d  along t h e  y-axis.  Each rock v a r i e t y  i s  c h a r a c t e r i z e d  by a d e f i n i t e  

range o f  A va lues ,  which f o r  most of  t h e  s t u d i e d  rocks  vary  i n  a s m a l l  range 

( t h e  broades t  range is  f o r  g r a n o d i o r i t e s ,  from 1.64 t o  2.48 W/m.degree). 

o f  i d e n t i c a l  composition from t h e  Eas t e rn  Kazakhstan and Eas te rn  Sayan r eg ions  

are c h a r a c t e r i z e d  by c l o s e  ), values .  

are observed f o r  a l a s k i t i c  g r a n i t e s .  The hea t  conduc t iv i ty  of  l e u c o c r a t i c  

g r a n i t e s  i s  lower and v a r i e s  i n  narrower l i m i t s .  The minimum va lues  are ob- 

served  f o r  b i f e l d s p a t h i c  g r a n i t e s .  The r e s u l t s  agree wi th  d a t a  from o t h e r  

r e s e a r c h e r s  f o r  rocks of  s imi la r  composition. 

Rocks 

Its h ighes t  va lues  (2.11-2.83 W/m-degree) 

It  a l s o  fo l lows  from F igure  6 t h a t  wi th  an i n c r e a s e  i n  b a s i c i t y  of t h e  - /25 

rocks  t h e r e  i s  a decrease  i n  t h e i r  hea t  conduct iv i ty .  The maximum ), value  f o r  

g r a n i t e s  i s  2.83 W/m-degree, whereas f o r  d i o r i t e s  i t  is 2.00 W/m-degree. This  

r e g u l a r i t y  does not  extend t o  b i f e l d s p a t h i c  g r a n i t e s ,  c h a r a c t e r i z e d  by a lesser 

va lue  i n  comparison wi th  t h e  more b a s i c  rocks.  I n  p o r p h y r i t e s  t h e  va lue  

v a r i e s  from 1.76 t o  2.44 W/m-degree. 

Tuf f s  of  a c i d i c  and mixed composition from t h e  Belousovskaya a r e a  (bore- 

ho le  801) i n  Eas te rn  Kazakhstan are c h a r a c t e r i z e d  by v a r i a t i o n s  i n  hea t  con- 

d u c t i v i t y  i n  t h e  r a n g e  1.38-2.72 W/m-degree. 

t h e s e  rocks  v a r i e s  from 1.02 t o  4.23 m /hour and t h e  hea t  capac i ty  C from 0.19 

t o  0.38 Cal/kg*degree ( s e e  Table  5 ) .  

The thermal conduc t iv i ty  K of 
2 

With an inc rease  i n  f i s s u r i n g  and weather ing (which l e a d s  t o  an inc rease  

i n  p o r o s i t y )  t h e  hea t  conduc t iv i ty  of rocks i s  decreased ( s e e  Table 5).  

The same r e g u l a r i t y  i s  observed i n  samples of  hardened l a v a  from t h e  

Karymskiy Volcano on Kamchatka, c o r s t i t u t i n g  a hard ,  very porous material .  
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TABLE 5. THERMAL PROPERTIES OF IGNEOUS ROCKS 
I N  EASTERN KAZAKHSTAN AND THE EASTERN SAYAN 

~- ~ 

Sampling Heat Thermal Heat Density In t e rva l  
of re- s i t e  conduct iv i ty  conduct ivi ty  capac i ty  Y ,  

Rock ( g r a n i t e  h K 10-3, c, g/cm3 moving core  
complex) * W/m*degree m2/hour Cal/kg from bore- 

ho le ,  m 

Alask i t i c  g ran i t e ,  
coarse  grained 

Same 
If 

Alask i t i c  g r a n i t e  
(from dike)  

1 1  

I 1  

Alask i t i c  g r a n i t e  
coarse-grained, yellow, 
highly weathered 
(crumb1 es) 

Alask i t i c  g ran i t e  
f ine-grained 

Alaski t i c  g ran i t e ,  
f ine-grained, 
(from dike)  

Leucocratic g r a n i t e  
intermediate  grain 
(from dike)  

Leucocratic g ran i t e  
coarse-grained 

Leucocratic g r a n i t e  
f ine-grained 

Kandygat ay 

I 1  

I 1  

Ko y t  a s  
Shindinski  y 
Kandygatay 

I 1  

1 1  

Kalba 

Ko y t  a s  

Kandygat ay 

Koytas 

2.75 

2.71 
2.70 

2.61 
2.83 
2.11 

1.65 

2.69 

2.08 

1.62 

2.26 
2.30 

2.16 

2.5 
2.1 
2.5 

1.8 
4.2 
3.4 

1.9 

- 

1.4 

1 .7  
- 

3.1 

2.1 

0.26 

0.33 
0 -33 

0.32 
0.21 
0.33 

0.21 

- 

0.30 

0.24 

- 
0.26 

- 

2.60 

2.65 
2.60 

2.63 
2.60 
2.62 

2.62 

- 

2.61 

2.61 

- 
2.60 

- 



Table 5. Continued 

Thermal 
conduc t iv i ty  

m2/hour 
K x 10-3, Rock 

Heat 
capac i ty  

Cal/kg 
c ,  

Leucocrat i c  g r a n i t e ,  

Leucocra t ic  g r a n i t e ,  
coa r se  grained,  
h igh ly  weathered 

Leucocra t ic  g r a n i t e ,  
coarse-grained 

Leucocra t ic  g r a n i t e ,  
in te rmedia te  gra in  

Leucocra t ic  g r a n i t e  
coarse-grained 

Leucocra t ic  g r a n i t e  
B i o t i t e  g r a n i t e  

coarse-grained 

(from d i k e )  

Biot i te-horneblende g r a n i t e  
in te rmedia te  g r a i n  

Biot  it e-horneblende 
s i l i c i f i e d  g r a n i t e  

Pyroxene g r a n i t e ,  
f ine-gra ined  

Modified g r a n i t e ,  
coarse-grained 

A l a s k i t i c  granite-porphyry 

Porphyraceous g r a n i t e  

Porphyraceous g r a n i t e  
(from d ike )  

Sampling 
s i t e  
( g r a n i t e  
complex * 

K o  y t  as 

Kand y g a t  a y 

Shindinskiy  

I 1  

1 1  

Kandygatay 

U 1  en I -Tuim 

Koytas 

Shindinskiy 

U 1  en I -Tu i m  

Shindinskiy 

Ulenf-Tium 

Kandygatay 

Kalba 

Heat 
conduc t iv i ty  

h 
W/m.degree 

2.27 

2.12 

2.38 

2.40 

2.36 
2.29 

2.05 

2.29 

2.56 

2.00 

2.39 

2.26 

2.17 

2.27 

i I 
l -  
I i 

I ! 2.1 
I 

I 

' 3.1 
- 

I 

~ 2.4 

,' 2.4 i 
I 

2.3 
1 

2.2 

1.8 
- 

3.6 

Densi ty  1 

i Y 
dcm3 

- 

- 

2.63 

2.63 

2.63 
2.62 

- 

2.59 

- 

- 

- 
2.64 

- 

2.56 

I n t e r v a l  
o f  removing 
core from 
borehole ,  m 



Table 5. Continued 
I - I  ~ 

Sampling ' Heat Thermal Heat Density In t e rva l  
of removing 

( g r a n i t e  ' A K x 10-3, c, g/cm3 core from 
complex 1 * , w/m. degree m2/hour Cal/kg borehold, m 

Rock s i t e  I conduct ivi ty  conduct ivi ty  capac i ty  Y ,  

I 

Bifeldspathic  g r a n i t e  

Same 

I I  

Bifeldspathic  g r a n i t e  

Leucocratic p l ag iog ran i t e  
f he-gra ined  (from d ike )  

G ran0 d i o r i t e 
intermediate  grain 

Granodior i te  
II 

11 

1 1  

I 

Leucocratic granodior i te  , 

Kalba 

II 

Koyt a s  

Kandygatay 

Shindinski y 

Koytas 

Koytas 
I 1  

I I  

Kalba 

intermediate  g ra in  

Porphyraceous granodior i te  
same 

Granodior i te  

same 
intermediate  g ra in  

I I  

11 

1 1  

I 1  

1 9  

Kandygat ay 

Tigertyshskiy 

Shindinskiy 

I I  

I t  

I t  

! I 1  

Granodior i te  
coarse-grained 1 Kalba 

f ine-grained i Shindin s k i  y 
Porphyraceous granodior i te  

I 
1.49 

1.65 

1-73 
1.68 

2.03 

2.48 

2.08 
1.64 
1.87 
2.09 

1-95 
2.05 
1.77 

2.10 

2.29 
2.06 
2.27 

1.91 

3 -31 

1.96 

1.91 

- 
- 

I 

1.5 
1.2 

3 .o 
I 

I 2.0 

' 1.4 

1.7 

~ 2.2 

- 

- 
- 

. 0.28 

' 0.33 

I -  

- 
0.30 
0.26 
- 
- 

1.5 0.30 

2 -0 0.28 
2 -5  0.204 

- 
0.25 
0 - 3  - 

- 

0.22 

- 
2.66 

2.60 

2.62 

- 

- 

2.62 
2.65 
- 
- 

I 

2.66 

l -  

1 -  

I 
1 -  

1 2.69 

N 
W 



tu Table 5. Continued 
P 

Sampling 

Rock 
s i t e  
( g r a n i t e  
complex 1 * 

Granodior i te  
f ine-gra ined  

D i o r i t e ,  
i n t e rmed ia t e  g ra in  

Horneblende d i o r i t e  

D i o r i t e - po rph y r y 
11 

I I  

Gabbro 

Diabase 
f ine-gra ined  

Diabase, s i l i c i f i e d  

Contact-modified d iabase  
wi th  o r e  impregnation 

Dike po rphyr i t e  

Quartz porphyry 

Qiiartz porphyry, 
h igh ly  r e c r y s t  a l l  i zed  

Quartz porphyry 

Andes i t ic  horneblende 

same 

porphyry, 

' Shindinskiy 

1 1  

I 1  

U 1 en - Tu i m  

Kandygat ay 

' Ulenl-Tuim 

I 1  

, Tiger tyshskiy  

Shindinskiy  

1 1  

I 

~ Uybatskiy 

~ Kandygatay 

! 1 1  

I 1  

1 1  

I 

, 
i n t e rmed ia t e  composition Koytas 

Marmorized l imestone 1 Shindinskiy 

Heat 
conduc t iv i ty  

h 
W/m*degree 

1.95 

1.91 

1.81 

2.00 
1.80 
1.91 

2.27 

1 -97  

2.35 

2 .oo 
1.96 

1.76 

2.44 

1.98 
1.77 

2.26 

2-77 

Thermal 
conduc t iv i ty  

m2/hour 
K x 10-3, 

1.1 

2.6 

2.1 

1.9 
1.8 
1.2 

1.9 

2.1 

2.9 

2.5 

capac i ty  

Cal/kg 

0.24 

- 
- 

0.27 
0.26 
0.38 
- 

- 
- 

- 
I -  
I 

1.8 
- I -  - 

I1 - 
1.8 ' 0-28 

2.6 - 

~~ 

I n t e r v a l  
of removing 
co re  from 
borehole ,  m 



Sampling 
s i t e  
( g r a n i t e  
complex 1 * 

Rock 

Ho rnebl  ende t u  f f , Kandygatay 1 2.37 - - - - 

I I 

Heat r Thermal Heat Density In t e rva l  
conduct ivi ty  conduct ivi ty  capac i ty  Y, of removing 

x K x 10-3, c ,  g / c d  co re  from 
W/m.degree m2/hour Cal/kg borehold, m 

Porph yrac eou s t u f f  Kalba 

2.26 
2.13 
2-39 

Tuff,  mixed composition ' Eastern 
Kazakhstan 

same Belousovskaya 
a r e a  

same Borehole 801 

same I I  

Tuff,  mixed composition 
a t  boundary with t u f f s  of 
a c i d i c  composition It 

Tuff of a c i d i c  composition I1 

I t  same 

Tuff of  mi xed composition 
same - 

- 
- 

2.11 4.2 

2.18 - 

1.60 - 

1.60 - 
I 

2-59 - 

0.19 

- 

- 241-243 

- 304-307 

- 3 26-3 28 

3 96-3 9 9 

1 1 70::;02 

- ' 321-323 

i - 

- I  - 

*Kandygatayskiy, Koytasskiy, Kalbinskiy g r a n i t e  complexes are i n  Eastern Kazakhstan; 
Shindinskiy,  Ulenf-Tuimskiy, Tigertyshskiy,  Uybatskiy g r a n i t e  complexes a r e  i n  t h e  Eastern Sayan. 



Q, 1 2-5- 
\ 

2.1- 

1.7 - 
4 

- - I I I I I I I 
I,, ," V I t  VI1 

1.3 ' 
O f  02 0 3  

Figure  6. 

I - a l a s k i t i c  g r a n i t e s ;  I1 - l e u c o c r a t i c  g r a n i t e s ;  111 - b i o t i t e -  
horneblende g r a n i t e s ;  I V  - b i f e l d s p a t h i c  g r a n i t e s ;  V - p l a g i o g r a n i t e s ;  
V I  - g r a n o d i o r i t e s ;  V I 1  - d i o r i t e s  and d i o r i t i c  porphyr ies ;  
1 - rock samples c o l l e c t e d  i n  Kazakhstan; 2 - rock samples c o l l e c t e d  
i n  t h e  Sayans; 3 - samples from dikes .  

Heat conduc t iv i ty  c o e f f i c i e n t  f o r  igneous rocks.  

- 

Number Heat Thermal 
of conduc t iv i ty  conduc t iv i ty  K ,  

sample y ,  W/m-degree x 10-3, m2/hour 
- - 

527 0.25 0.84 
407 0.33 0.94 
517 0.48 0.85 
521 0.65 1.09 
503 0.73 1.49 

A s  might be expected, we obta ined  low va lues  f o r  t h e i r  hea t  and thermal con- 

d u c t i v i t y  c o e f f i c i e n t s ,  as can be seen from Table  6 which g ives  both t h e  va lues  

of t h e s e  c o e f f i c i e n t s  and t h e  d e n s i t i e s  of lavas .  C o e f f i c i e n t s  K and inc rease  

with an inc rease  i n  d e n s i t y  (and consequent ly  wi th  a decrease  i n  p o r o s i t y ) .  

- - - - _ _  

- I __ - - 

hea t  
c a p a c i t y  C, 
Cal/kg-degree g/cm3 

_- -  _ _ -  - - 
0.27 0.95 
0.28 1.10 
0-33 1.47 
0.30 1.76 
0.16 2.64 

The Devonian rocks of  t h e  Minusinskiy downwarp a r e  s t r a t i f i e d  with c a l c i t e  

v e i n l e t s ,  p r imar i ly  gray and reddish  a l e u r o l i t e s  ( s i l t s t o n e s ) ,  a r g i l l i t e s ,  

sandstones,  and l imestones.  The hea t  conduc t iv i ty  of  a l e u r o l i t e s  v a r i e s  i n  a 
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/9 0 
TABLE 7. HEAT CONDUCTIVITY COEFFICIENT FOR SEDIMENTARY ROCKS 

- . l - i  - _ _  -. -- - - 

C h a r a c t e r i s t i c s  

. . .  - -_ .- - -  .. -. ~- 

A r g  i 11 it e, browni sh-c innamon, 
cemented 

A r g i l l i t e ,  grayish-green,  
more o r  less s t r a t i f i e d  

A r g i l l i t e ,  dark brownish- 
cinnamon, ca l ca reous  , 
more o r  less s t r a t i f i e d  

A r g i l  1 it e ,  chocol a t  e-cinnamon 
with i n c l u s i o n s  of green i sh  
a1 eu r o l  it e 

A l e u r o l i t e ,  dark g r a y ,  more o r  
less s t r a t i f i e d ,  c o n t a i n s  
c a l c i t e  v e i n l e t s  

A r g i l l i t e ,  b lack ,  more o r  less 
s t r a t i f i e d ,  h ighly  ca l ca reous ,  
con ta ins  c a l c i t e  v e i n l e t s  

A l e u r o l i t e ,  dark g r a y ,  
wi th  green hue 

A l e u r o l i t e ,  gray,  f ine-gra ined  
dense,  h igh ly  ca l ca reous  

I A l e u r o l i t e ,  dark gray ,  
noncalcareous,  c o n t a i n s  small  
c a l c i t e  i n t e r c a l a t i o n s  

A l e u r o l i t e ,  dark g r a y  t o  b lack ,  
undula t ing ly  s t r a t i f i e d  

A 1  euro 1 it e ,  ca l ca reous  

A l e u r o l i t  e ,  brownish-cinnamon. 
more o r  less s t r a t i f i e d ,  
w i th  gypsum i n c l u s i o n s  

A 1  euro1 i t e, browni sh-c innamon, 

A l e u r o l i t e ,  gray,  
h igh ly  ca l ca reous  

-- - 

Sampling 
s i t e  

Yuzhno- 
Minusinskaya 
depress ion  

Bystryanskaya 
area, bo rehol  
9 

Same 

1 1  

1 1  

II 

Bystryanskaya 
area, 
borehole  9 

Same 

Bystryanskaya 
area, 
borehole  9 

Same 

Sampling 
i n t e r v a l ,  

m 

805-811 

826-831.8 

93 1 9-93 7 

961-971 

1248.9-1254 

1 70 1 - 1 710 

1852-1855 

1899 - 1 900 

1915-1917 

1945-1950 

2051.6-2958 

2068- 20 73 

2787- 2794 

2174.7-2182 

/ J d  - 
Heat 
conduc t iv i ty  
A ,  W/m*degree 

2.68 

2.13 

1.80 

2.89 

1.89 

2.68 

1.63 

2.01 

1.80 

1.65 

1-55 

2.26 

1.80 - /3 3 

1.67 
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Table 7. Continued 

Character is t ics  

._ 

Sandstone,  rosy-cinnamon, 
cemented , calcareous , contains  
ca lc i te  i n t e r c a l a t i o n s  

Limestone,  dark g r a y  t o  black, 
w i t h  i n c l u s i o n s  of c r y s t a l l i n e  
ca lc i te  

Limestone,  dark g ray ,  dense, 
more o r  less  s t r a t i f i ed  

Porphyr i t e ,  g reenish-gray ,  
s t r o n g  

A 1  e u r o l  i t e ,  r e d d i  sh-cinnamon 

A 1  e u r o l  it e, g r a y  

A l e u r o l i t e ,  da rk  g r a y  

A 1  e u r o l  i t e  , gray ,  
f ine-gra ined  

Sands tone  

A l e u r o l  it e 
1 1  

11 

1 1  

Sandstone 

Sandstone, cinnamon-gray, 
f i ne -g ra ined ,  very s t r o n g ,  
l o w  calcareousness 

Same 

Sandstone, cinnamon-gray, 
very s t r o n g ,  calcareous 

Sandstone, dark g r a y ,  
calcareous, w i t h  cracks 

Sandstone,  l i g h t  g ray ,  
very  s t r o n g  

Same 

Sampling 
s i t e  

B y s t  ryanskaya 
area, 
borehole  9 

1 1  

11 

1 1  

Borehole 15 
I 1  

1 1  

1 1  

11 

Borehole 4 
I 1  

I 1  

I 1  

4 1  t ayskaya are, 
2orehole' 11 

Same 

\.1 t ayskaya are: 
lorehole 11 

i a m p l  ing  
mterval,  

m 
_ _ - . _  . -  ._ 

1282-1290 

199 5- 2000 

20 1 2- 20 1 8 

3159-3162 

983 03-992.3 
1904.7-1907 

2183 -8-2184.9 

2211.5-2214.0 

2163.8-2171 - 6  

1240.9-1241.6 

123 5.7-1240.9 

1699.8-1 708 7 

1880.4-1882.5 

1023 -1028.5 

1062.6-1072.7 

1062.6-1072.7 

1675.6-1681 - 7  

1862.9-1870.0 

2157.8-21 62 e 3  

2157.8-2162.3 

.- .~ 

H e a t  
conduc t iv i ty  
A, W/m-degree 

- . .  

2.13 

2.09 

2.30 

2.30 

1.80 

1.67 

1.67 

1.76 

2.18 

1 -97  
2.01 

1.76 

1.34 

2.34 

2 -05 

2.05 

2.30 

- /3 4 

2.05 

2.76 

2.76 
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Table 7. Continued 
- - -_ . ~. ~ __ 

Sampling 
i n t e r v a l ,  

m 
Character is t ics  

H e a t  
conduct i v i  t y 
A ,  W/m-degree 

Limestone, dark gray ,  s t r o n g ,  
w i t h  i n c l u s i o n s  of w h i t e  
a n h y d r i t e  * 

Same 

A r g i l l i t e ,  dark g ray ,  
s l i g h t l y  calcareous, s t r o n g  

A r g i l l i t e ,  g r ay ,  very  s t r o n g ,  
w i t h  c a l c i t e  v e i n l e t s  

A l e u r o l  it e, h i g h l y  calcareous, 
w i t h  c a l c i t e  v e i n l e t s  

A r g i l l i t e ,  dark g r a y ,  almost 
black, ho r i zon t  a1 1 y st r a t i f i e d ,  
s t r o n g  

Aleuro l  i t e ,  r e d d i  sh-cinnamon, 
calcareous , hor i zon t  a1 1 y 
st ra t  i f  i e d  

A r g i l l i t e ,  reddish-cinnamon, 
s t r a t i f i e d  

A l e u r o l i t e ,  g r a y  

A 1  euro 1 it e, g r a y ,  c a1 c areou s , 
f i n e - g r a i n e d  

Limes tone ,  g ray ,  
i n t e rmed ia t e  g r a i n  

A l e u r o l i t e ,  dark g r a y  

Same 

Porphyr i t e ,  cinnamon 

Limestone,  g ray  

Sandstone 

Same 

. . .  . -  . . .  .. 

;amp1 i n g  
; i t e  

i l tayskaya 
irea, 
borehole 11 

II 

11 

1 1  

1 1  

I 1  

I 1  

I 1  

Io1 zavodskaya 
irea,  
)orehole 3 

1 1  

I a m e  
1 1  

11 

I 1  

I 1  

lamchatka, 

I 
I --  - .~ ~... . -_ 

2162.2-2171 -5 

2162.2-2171.5 

211 2-2115 -9  

2290.6-2292.6 

2294.7-2297.5 

2301 -5-2305.2 

2424.7-2428 - 7 

2462.2-2466.6 

1818.3-1821.6 

1834.1-189 7.5 

1852.0-1855.1 

1937.4-1941.3 
1941 -3 -1945.2 

2573 7-2582.0 
1874 -3  -1878.9 

225 
Cronotskiy r eg ion ,  
; to1 bovskaya 
; t ructure ,  
lorehole GK6 

Same i 2 70 

2.64 

2.72 

2.76 

3.01 

2.89 

2.47 

2.26 

2.01 

3.18 

1.67 

2.22 

2.00 

1.88 

1.72 

2.64 
1.63 

1.47 



Table 7. Continued 

Sampling 
s i t e  C h a r a c t e r i s t i c s  

Sampling 
i n t e r v a l  , 

m 

Sandstone 

Same 

1 1  

11 

I I  

1 1  

I I  

I 1  

1 1  

I 1  

11 

1 1  

I! 

1 1  

I Kamchatka, 
Kronotskiy r eg ion ,  
Stolbovskaya 
s t r u c t u r e ,  
borehole  G K 6  

Same 

1 1  

I !  

11 

1 1  

11 

1 1  

Kamchat ka,  
Kronot s k i y  re1 
S t o 1 bovskaya 
s t r u c t u r e ,  
borehole  G K 5  

Same 

I I  

1 1  

II 

1 1  

3 29 

41 5 

5 60 
595 

769 

9 60 

1060 

1130 

1179 

'n , 

410 

475 

495 

610 

683 

695 

1110 

_ _  - - 

Heat 
conduc t iv i ty  
A ,  W/m-degree 

1.51 

1.51 

1.63 - /3 5 
1.51 

1.34 

1.63 

1.84 

1.51 

1.80 

1.58 

1.17 
1.42 

1.47 

1.55 

1.34 

1.72 

Note: Some samples of  sandstone from Eas te rn  Kamchatka (Kronotskiy 

reg ion ,  Stolbovskaya s t r u c t u r e )  and samples of sedimentary rocks  from t h e  

W e s t  S i b e r i a n  Lowland w e r e  measured i n  a wa te r - sa tu ra t ed  state.  The va lues  

of t h e  hea t  conduc t iv i ty  c o e f f i c i e n t  f o r  them are given i n  Table  8 ( l a s t  

column) . 
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p a r t i c u l a r l y  wide range (1.3 t o  3.2 W/m-degree). 

an inhomogeneity i n  t h e i r  composition and a l a r g e  q u a n t i t y  of  inc lus ions .  The 

h e a t  conduc t iv i ty  of  a r g i l l i t e s  v a r i e s  from 1.8 t o  3.0 W/m*degree. 

s t o n e s  t h e  v a r i a t i o n s  i n  h e a t  conduc t iv i ty  are i n s i g n i f i c a n t .  Its minimum 

va lue  w a s  2.0 W/m-degree and i t s  maximum value  w a s  2.8 W/m*degree. 

Th i s  i s  probably caused by 

For sand- 

The i n v e s t i g a t e d  rocks  o f  t h e  Meso-Cenozoic sedimentary cover  of  t h e  W e s t  

S i b e r i a n  Lowland a re  r ep resen ted  by sandstones,  a l e u r o l i t e s  and a r g i l l i t e s .  

The i r  hea t  c o n d u c t i v i t y  c o e f f i c i e n t ,  as  can  be seen from F igure  7 ,  v a r i e s  from 

0.58 t o  1.80 W/m.degree. The broades t  range of changes i n  t h i s  c o e f f i c i e n t  is  

noted  f o r  sands tones ,  f o r  which t h e  e n t i r e  above-mentioned range of va lues  is  

c h a r a c t e r i s t i c .  The hea t  c o n d u c t i v i t y  o f  a l e u r o l i t e s  v a r i e s  from 1.31 t o  1.53 

W/m.degree. Most of t h e  sedimentary rock samples f o r  t h e  W e s t  S ibe r i an  Lowland 

have a hea t  conduc t iv i ty  c o e f f i c i e n t  of 1.3 t o  1.5 W/m-degree. 

- /35 

The i n v e s t i g a t e d  samples from t h e  T e r t i a r y  de- L36 
p o s i t s  of  t h e  e a s t e r n  c o a s t  o f  t h e  Kamchatkan Penin- 

s u l a  are  coarse- ,  in te rmedia te -  and f ine-gra ined  

sandstones.  The g r a i n s  are  n e i t h e r  rounded no r  cry-  

s t a l l i z e d  and c o n s t i t u t e  f ragments  of d i f f e r e n t  min- 

erals.  The i r  hea t  conduc t iv i ty  c o e f f i c i e n t  v a r i e s  

from 1.17 t o  1.85 W/m-degree. 

0 l.d-, , , ., \ ,..._ 
"\ c: - v: .> ;> ,,> x- g ?' .; ;; - .: 
3' 6 3 1: :j ": ", i l  

. .  

h,W/m-degree The hea t  conduc t iv i ty  of sedimentary rocks  is  

F igure  7 -  Var ia t ion  cons ide rab ly  a f f e c t e d  'by t h e i r  p o r o s i t y  and t h e  
cu rves  f o r  hea t  con- 
d u c t i v i t y  c o e f f i c i e n t  

a s s o c i a t e d  moisture  conten t .  A s tudy  of  t h e  depen- 

f o r  sedimentary rocks  dence of h e a t  conduc t iv i ty  on mois ture  con ten t  and 
from t h e  West S i b e r i a n  
Low1 and. 

p o r o s i t y  o f  rocks  h a s  been made by a number of re- 

sea rche r s :  W. Woodside and I. M e s s m e r  (Woodside, 

M e s s m e r ,  19611, T. Bo ld iz sa r  (Bo ld iz sa r ,  19641, B.A. 
n - number of  specimens. 

Yakovlev and S.P. Vlasova (Sukharev, e t  a l . ,  19661, E. Hur t ig  (Hur t ig ,  19661, 

and o t h e r s .  

T .  Bold iz sa r  (Bold izsar ,  1964, 1965) found t h a t  f o r  massive rocks  wi-th a 

p o r o s i t y  of about 5% o r  less  t h e  c o r r e c t i o n  t o  h e a t  conduc t iv i ty  f o r  mois ture  

con ten t  f a l l s  w i t h i n  t h e  l i m i t s  o f  measurement accuracy. Our experiments on 

igneous rocks  ( o l i v i n i t e ,  e c l o g i t e ,  gabbro, d i o r i t e )  l e d  u s  t o  a s i m i l a r  

conclusion.  
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However, i f  t h e  i n v e s t i g a t e d  rock has  cons ide rab le  p o r o s i t y ,  experimental  

d a t a  show t h a t  t h e  i n f l u e n c e  of  mois ture  conten t  becomes s i g n i f i c a n t  and it 

must be taken  i n t o  account.  

W. Woodside and I. M e s s m e r  (Woodside, M e s s m e r ,  1961) i n v e s t i g a t e d  both 

unconsol ida ted  sand and samples of  dense qua r t ay  sandstone.  The p o r o s i t y  o f  

t h e  sands tones  v a r i e s  i n  a wide range from 3 t o  59%. 

degree of  i n f luence  of  t h e  s a t u r a t i n g  f l u i d  on e f f e c t i v e  hea t  conduc t iv i ty  t h e  

samples w e r e  s a t u r a t e d  wi th  f l u i d s  having d i f f e r e n t  hea t  c o n d u c t i v i t i e s  and a 

g a s  a t  a p res su re  of  1 a t m .  W. Woodside and I. M e s s m e r  a l s o  s t u d i e d  t h e  depen- 

dence of  hea t  conduc t iv i ty  on po ros i ty .  They found t h a t  hea t  conduc t iv i ty  in-  

creases wi th  a decrease  i n  po ros i ty .  With i d e n t i c a l  p o r o s i t i e s  t h e  hea t  con- 

d u c t i v i t y  is h ighe r  f o r  a sample which i s  s a t u r a t e d  wi th  a more hea t  conduct ing 

f l u i d .  

I n  o r d e r  t o  c l a r i f y  t h e  

W e  s tud ied  t h e  dependence of  hea t  conduc t iv i ty  L37 
on p o r o s i t y  and mois ture  con ten t  f o r  samples of  

a sedimentary rocks c o l l e c t e d  i n  t h e  Kronotskiy reg ion  

on t h e  Kamchatkan Peninsula  and from t h e  W e s t  S ibe r -  

i a n  Lowland ( t h e  l i t h o l o g i c a l  c h a r a c t e r i s t i c s  of  

t h e s e  rocks w e r e  given above). Table 8 g i v e s  d a t a  

P.7 on change i n  t h e  hea t  conduc t iv i ty  c o e f f i c i e n t  f o r  

,,p , , , , -.,...-.,. ._c sedimentary rocks i n  t h e s e  r eg ions  f o r  d i f f e r e n t  
I 3 5 7 9 m w,% 

mois ture  con ten t s  and on t h e i r  d e n s i t y  and po ros i ty .  
F igu re  8. Dependence of 
hea t  conduc t iv i ty  co- The hea t  conduc t iv i ty  of most of  t h e  samples 
e f f i c i e n t  o f  samples on 
mois ture  conten t  W .  

of sedimentary rocks  w a s  measured i n  two states:  

a b s o l u t e l y  dry  and wi th  maximum w a t e r  s a t u r a t i o n .  

The hea t  conduc t iv i ty  of  sands tones  from t h e  Kamchatkan peninsula  w a s  a l s o  

measured on samples i n  an a i r - d r y  s t a t e .  F igu res  8 and 9 show t h e  r e s u l t s  of  

t h e s e  hea t  conduc t iv i ty  measurements. 

F igure  8 i l l u s t r a t e s  t h e  n a t u r e  of t h e  dependence of hea t  conduc t iv i ty  o f  

sands tones  on mois ture  conten t  ( f o r  boreholes  i n  t h e  Stolbovskaya s t r u c t u r e  on 

t h e  Kamchatkan peninsula) .  a marked i n c r e a s e  

i n  hea t  conduc t iv i ty  a t  t h e  very  beginning of moistening (approximately t o  3% 

mois ture  c o n t e n t ) ;  then  t h e  ra te  of hea t  conduc t iv i ty  i n c r e a s e  drops sharply.  

A genera l  p a t t e r n  i s  observed: 

3 2  



'TABLE 8. CHANGE I N  HEAT CONDUCTIVITY 
OF SEDIMENTARY ROCKS WITH MOISTENING 

Sampling s i t e  
( reg ion ,  borehole  

_ _  ._ 

Kronotskiy reg ion ,  
Eas te rn  Kamchatka 

Borehole G K 6  
I t  

I t  

11 

I 1  

1 1  

I! 

Borehole G K 5  
I t  

I t  

I t  

11 

II 

W e s t  
S i b e r i a n  
Low1 and 

Borehole 500 
Borehole 69 
Borehole 234 

I t  

I t  

Borehole 518 
Borehole 221 

II 

1 1  

Borehole 547 

Borehole 74 
Borehole 66 
Borehole 66 
Borehole 504 

11 

11 

. . -  

E 

04 
G a  
-4 > 
d k  aa, 
E +  

c 

2 2 

24 8 

2 70 

329 
415 
450 
C n T  

I 

- /3 9 

Commas represent  decimal po in ts .  3 3  



Table 8. Continued 

! 
04 I . s i  

Sampling s i te  
( r e g i o n ,  borehole  

Borehole 509 

Borehole 63 
Borehole 21,4 
Borehole 236 

I 1  

11 

I 1  

Borehole 65 
II 

I 1  

11 

Borehole 549 

Borehole 502 

11 

I 1  

Borehole 215 

Borehole 515 
Borehole 72 

Borehole 116 
Borehole 88 

I I  

I 1  

11 

Borehole 67 
Borehole 503 
Borehole 81 
Borehole 69 

I 1  

11 I 1  

I 1  

11 

11 

11 

I 1  

Borehole 
11 

j2IC0 
25 ': 0 
2080 
20FO 
2111 

204 /i 
2085 
2093 

I935 
2095 
iS8G 
2i55 

- 

- 

- 
- 

2620 

1865 
2i50 
2G 65 

2iIO 

2095 
2105 
2120 
I920 

I960 
20Yi) 
2355 
2595 

2125 
2130 
I875 
I365 

- 

- -  
LL.\r\) 

.. 
? 
h 
2 

- IC7 
1 5  
! k  
. -  

~ 

... 
2,oo 
2,2E 
2 ,@.3 
2 ,C6 
I,% 
2,64  
2,35 
2,a: 
L,93 

2 ,cr, 
2 ,c3 
I,% 
2,06 
Z,IJ 
2 , x  

2 ,  IC 

2,44 
2,45  
2,IO 
I,% 
2,05 

!,09 

j 2,27 
2,28 
2,23 

,. I ?  7 r  , -_ I& 
12,33 

2 , I I  
2,24 

- 

s 
h 
c, 
4 
m 

4 0  , a  

c 

3: 
~~ .. 
24 I 1 
16 ,3  
23,5 
22,4 
27,1 
3 -6 

2 4 , 2  
2' 2 
2+,2 
22,2 

' 5  

22,7 
24,5 
27,I  
22,3 
2C,7 
I8,4 
I 0 , I  
I2 ,3  
19,7 

22,8 
25,2 

!0,7 

2 $ 4  
!G ,O 
13 , it 

.7,4 

X * O  
.5 $6 
.i,i 

._  

.- - .> .>. 

. <  1-r 

.- 

.n . i , F  
:it , 2 
:7,7 
'1,s 

1,19 
I .4u 
I ,% 
1,34 
1,253 
1,51 
1,59 
1,23 
1,30 
1,24 
i ,i;3 
I ,40 
1,49 
I ,43 
11+5  
1,36 
1,58 
I >%I 
1112 
1,16 
1,36 

1,03 

1,61 
1,27 
1,19 
1,5x 

1,c.1 
I:&S 
1:39 

1,;'; 
1,54 
1,45 
1,61 
1,59 

- -  
L ,>J  

Commas r ep resen t  decimal p o i n t s .  
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- _ _  _ _  . - _ _  

Sampling s i t e  
( r eg ion ,  borehole)  

. -  

Borehole 234 
I I  

I 1  

I I  

I !  

I 1  

I I  

TI 

Borehole 74 
1 1  

I1 

1 1  

1 1  

Borehole 62 
1 1  

Borehole 76 
II 

I t  

I1 

Borehole 66 

Borehole 71 

Borehole 116 
Borehole 69 

I I  

I I  

!I 

Borehole 500 

Borehole 234 
I! 

11 

1 1  

II 

11 

11 

11 

I I . I  
-7- 

I 

l eu -  
l i t e  

I t  

I 1  

II 

-,-- 
2,2& 
?*C’> 
2 , 2.5 
2,33 

2,33 
?,is 
2,32 
?,23 
2,33 
2,27 
?,25 
?,24 
?,31 
!,29 

! 

! 
1 

, 

1 
1 

1 
1 
1 

1 

~ 

~ 

1 

1 1 

1 
1 

1 

I ,55 
I ,49 
1,49 

I ,45 
:,39 
I , 2 s  
i ,.,b 

:,LE. 

I ,43 

T 10 - , ,/ 

7 7 ,  

T [ C  .. 
;,21 
i ,55 
i ,:4 
1,55 

1,44 

1523 
I “d 
1,36 
I ,  54 
1,34 
T , 4 5  
I ,23 
1,66 
1,48 
1,45 

1,45 
1,39 
1,44 
1,45 
1,42 
1,39 
I ,46 
1,36 
1,39 
I ,34 

Commas r ep resen t  decimal po in t s .  
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Table 8. Continued 

Sampling s i t e  
( r e g i o n ,  bo reho le )  

. - . . .  
1 

1 1  

11 

I 1  

Borehole 74 
11 

11 

11 

I 1  

11 

11 

I !  

11 

I 1  

I 1  

Borehole 52 
I 1  

I 1  

Borehole 76 
I 1  

2505 
2505 
2515 
2543 

2800 
2860 
2071 
2075 
2075 
20 90 

2123 I 2130 
I 2235 1 2270 
j 2265 
~ 2293 

I 2175 

i 2466 

I 2035 

! 2143 

j 2225 

- _  
~ 

> 
h 
c, 
,rl 0 
m E  
G O  
Q , \  
3 0  
- 

2,33 
2,39 
2,43 
2,3E 
2,4I  
2,IO 1 

2,45 

2,22 
2,43 
2,8I  
2,25 
2 ,3 I  
2,27 ' 2.27 
2,22 
2 ,20  
2,24 

2,25 
2,31 
2,5k 

2 , 3 2  

2,33 

- 

+,3 
336 
L,i 
5,2 
1;,2 
3 ,2 
9,6G 

II,9 
10,5 
II ,I  
I7,4 
I6,5 
17,2 
16,: 
IS,9 
iG,S 
18 
16,4 
is, 9 
I5,Z 
I7,2 - 

i ,38 
I ,27  
1,II 
I , I 4  
0,58 
0,99 
I ,  24 

0 81; 
L,I9 
I,X 
I ,OS 
I., 24- 
:i , I 3  
0,99 
I , I 9  
;,I1 
1 ,oe 
I , G E  
i ,c: 
I ,cis 
1,SI 
i,l3 
Z . 1 1  

Commas r ep resen t  decimal po in t s .  
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This  can ev iden t ly  be a t t r i b u t e d  t o  t h e  fact  t h a t  f o r  sandstones,  w a t e r  is a 

wet t ing  f l u i d  and even an i n s i g n i f i c a n t  moistening l e a d s  t o  a cons ide rab le  i m -  

provement i n  t h e  con tac t  between g r a i n s  and t h e r e f o r e  improves t h e  hea t  con- 

d u c t i v i t y  of t h e  rock. 

r e s e a r c h e r s  (B.A. Yakovlev, S.P. Vlasova, o r a l  communication). 

S i m i l a r  r e s u l t s  have a l s o  been obta ined  by some o t h e r  

Af t e r  coyparing t h e  hea t  conduc t iv i ty  i n  abso lu t e ly  d ry  and completely 

water -sa tura ted  states,  w e  conclude t h a t  t h e  hea t  conduc t iv i ty  increments  can be 

s i g n i f i c a n t ,  i n  some cases a t t a i n i n g  90% o r  more. However, i t  must be  noted 

t h a t  t h e  mois ture  conten t  c o r r e c t i o n  t o  hea t  conduc t iv i ty  i n  an a i r - d r y  s ta te  i s  

less. I n  ou r  case (Kamchatkan samples) i t  exceeds 20% f o r  on ly  some samples. 

F igure  9. Var ia t ion  curves  
of  c o r r e c t i o n s  f o r  hea t  con- 
d u c t i v i t y  c o e f f i c i e n t  wi th  
moistening of rocks.  

1 - sedimentary rocks of 
W e s t  S ibe r i an  Lowland and 
Kamchatkan Peninsula ;  
2 - sands tones ;  3 - a leuro-  
l i t e s ;  4 - a r g i l l i t e s .  

F igure  9 shows t h e  '""a. d. v a r i a t i o n  curves  

( A h  i s  t h e  d i f f e r e n c e  between t h e  hea t  conductiv- 

i t i e s  of dry and water -sa tura ted  samples; 

t h e  hea t  conduc t iv i ty  of an abso lu te ly  dry  sample) 

f o r  each type  of rock (sands tones ,  a l e u r o l i t e s ,  

a r g i l l i t e s )  and a general  curve  f o r  a l l  rocks.  On 

each of t h e s e  curves  t h e r e  i s  a c l e a r l y  expressed 

peak which on t h e  x-ax is  corresponds t o  a 30% in -  

crement i n  t h i s  r a t i o .  Only f o r  sandstones i s  it  

broader  and f a l l s  between 30 and 40%. Most samples 

of  t h e  i n v e s t i g a t e d  sedimentary rocks obviously 

have an increment t o  hea t  conduc t iv i ty  i n  an ab- 

s o l u t e l y  dry  s t a t e  c l o s e  t o  30% as a r e s u l t  of 

water  moistening ( t o  t o t a l  s a t u r a t i o n ) .  Accord- 

- / 4 3  

i s  
'a.d. 

i n g l y ,  

t h e  moisture  conten t  c o r r e c t i o n  of  30% must  be considered most probable.  

i n  l a rge - sca l e  de t e rmina t ions  of t h e  hea t  conduc t iv i ty  f o r  such rocks  

The r e s u l t s  o f  de te rmina t ion  of  t h e  thermal p r o p e r t i e s  of igneous and sed i -  

mentary rocks made a t  room tempera ture  and atmospheric p r e s s u r e  on a l a rge  number 

of samples g ive  some i d e a  concerning t h e  thermal parameters  of t h e  most cha rac t e r -  

i s t i c  rocks i n  t h e  i n v e s t i g a t e d  regions.  

l ack ing  f o r  t h e s e  regions.  

Such information w a s  e a r l i e r  completely 
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These d a t a  on t h e  above-mentioned thermophysical c o n s t a n t s  of rocks and 

t h e i r  dependence on composition, p o r o s i t y  and mois ture  under normal cond i t ions  

made it  p o s s i b l e  t o  proceed t o  a s tudy  of t h e  thermal  p r o p e r t i e s  of rocks  a t  

h i  g h tempera tures  . 
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CHAPTER I11 

HEAT CONDUCTIVITY OF ROCKS AT H I G H  TEMPERATURES 

Unt i l  now information on t h e  e f f e c t  o f  temperature  on t h e  thermal p r o p e r t i e s  /44 - 
of rocks  has  been extremely l i m i t e d .  The r e s u l t s  of  experiments f o r  s tudy  of t h e  

e f f e c t  o f  temperature  on t h e  hea t  conduc t iv i ty  of rocks are given on ly  i n  s t u d i e s  

by F. Birch (Bi rch ,  et a l . ,  19491, W. L). Kingery (Kingery,  19541, K. Kawada 

(Kawada, 1964),  U. I. Moiseyenko, Z. A. Solov 'yeva,  V. A. Kuto l in  (1965, 1966, 

1967). 

The experiments of F. Birch d e a l t  wi th  seve ra l  t y p e s  of igneous and sed i -  

mentary rocks heated t o  a tempera ture  of boo0, inc luding  g r a n i t e  heated t o  500". 

During recent  years  K. Kawada has  obta ined  d a t a  on t h e  behavior  of t h e  hea t  con- 

d u c t i v i t y  c o e f f i c i e n t  f o r  igneous rocks (F igure  10) i n  a broader  temperature  range 

(20-6000). W. Kingery made s i m i l a r  experiments with f o r s t e r i t e  wi th  hea t ing  t o  

1 4 0 0 O .  

I n  our  l abora to ry  t h e  e f f e c t  o f  temperature  on t h e  hea t  conduc t iv i ty  co- 

e f f i c i e n t  w a s  s tud ied  on samples of d i f f e r e n t  t ypes  of igneous rocks.  

Measurement Apparatus and Method 

Measurements of  t h e  hea t  conduc t iv i ty  c o e f f i c i e n t  a t  a high temperature  

were made by t h e  s t a t i o n a r y  hea t  f l u x  method and t h e  " p l a t e "  method, s i n c e  they  

a r e  t h e  b e s t  developed and measurements can be made wi th  a high accuracy. 

The shortcoming of t h e  method, t h e  du ra t ion  of t h e  experiment,  i n  t h i s  ca se  /45 - 
i s  a p o s i t i v e  cons ide ra t ion ,  s i n c e  t h e  prolonged presence of a rock i n  a s t a t i o n -  

a r y  r e g i m e  i n  a way s imula t e s  t h e  s ta te  of  rocks a t  d i f f e r e n t  depth l e v e l s .  The 

measurements w e r e  made us ing  samples of d i f f e r e n t  igneous rocks  80 mm i n  diameter  

and 5-15 mm high. 

The appara tus  used i n  determining hea t  conduc t iv i ty  o f  rocks  at  a tempera- 

t u r e  of  1400" w a s  cons t ruc t ed  by t h e  Experimental P l an t  S i b e r i a n  Department USSR 

Academy of  Sc iences  (F igu re  11) .  I t  w a s  descr ibed  i n  a s tudy  by V. V.  Goncharov 

and A. F. Kolechkova (1963). The appara tus  c o n s i s t s  o f  two main p a r t s :  a fu rnace  

f o r  u n i l a t e r a l  hea t ing  of t h e  sample and a w a t e r - j e t  c e n t r a l  ca lo r ime te r  wi th  a 

guard r i n g ;  t h e s e  w e r e  p ro t ec t ed  aga ins t  t h e  hea t  f l u x  by a w a t e r  j a cke t .  The 
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T,? 

0 a 0  Eu"3 1200 

Figure  10. Dependence o f  hea t  
conduc t iv i ty  c o e f f i c i e n t  of  
rocks  on temperature ,  da ta  from 
va r ious  au thors .  

1- o l i v i n i t e ;  2, 7- e c l o g i t e ;  
3 ,  5- d i o r i t e ;  4, 6- g r a n i t e ;  
5, 6, 7- from U. I. Moiseyenko, 
e t  a l . ,  (1965, 1966, 1967) ;  
2, 3- from K. Kawada (1964); 
4- from S. Clark and F. Birch 
(Birch,  e t  a l . ,  1949). 

sample t o  be t e s t e d  i s  p laced  on t h e  c a l o r i -  

m e t e r  and guard r i n g .  The electric h e a t e r s  

are carborundum o r  s i l i c o n  ca rb ide  rods.  

The h e a t  emi t t ed  by t h e  electric h e a t e r s  

p a s s e s  through t h e  sample and is imparted t o  

t h e  w a t e r  cont inuously flowing through t h e  

c e n t r a l  ca lo r ime te r  and guard r ing .  Thermo- 

meters ( u s u a l l y  Beckmann thermometers) are 

p laced  i n  t h e  i n l e t  and e x i t  from t h e  c e n t r a l  

ca lo r ime te r  i n  t h e  connect ing p i e c e s  f o r  

measuring t h e  temperature  o f  t h e  flowing w a t e r .  

The accuracy i n  determining t h e  hea t  conducti-  

v i t y  c o e f f i c i e n t  i s  10%. 

L46 

The dependence o f  h e a t  conduc t iv i ty  on 

temperature  w a s  s t u d i e d  on samples of  o l i v i n i t e ,  

g r a n i t e ,  d i o r i t e ,  obs id i an ,  e c l o g i t e ,  d o l e r i t e ,  

and p y r o x e n i t i c  gabbro. 

Emer imenta l  R e s u l t s  

The experiments were begun with de te r -  

minat ion of  t h e  hea t  conduc t iv i ty  o f  o l i v i n i t e ;  

t h i s  made i t  p o s s i b l e  t o  check t h e  co r rec t -  

nes s  of  %he method used because it w a s  p o s s i b l e  

t o  compare t h e  r e s u l t s  w i th  t h e  d a t a  obta ined  

by W. Kingery f o r  f o r s t e r i t e .  

The o l i v i n i t e  sample w a s  t aken  from a c o l l e c t i o n  o f  rocks  from t h e  Monchegorsk 

(Kola Pen insu la )  region.  Macroscopically,  t h i s  is a dark gray  rock, cons i s t ing  

of  i s o m e t r i c  o l i v i n e  g r a i n s  1-2 mm i n  diameter.  I t  could be seen under t h e  

microscope t h a t  t h e  rock has  a pandiomorphic t e x t u r e  and c o n s i s t s  of  e n t i r e l y  

of  idiomorphic g r a i n s  of  completely f r e s h  o l i v i n e  and a s m a l l  q u a n t i t y  o f  

magnet i te  (F igure  1 2 a ) ;  t h e  o l i v i n e  con ta ins  12% f a y a l i t e  molecules.  

L47 

The sample e x h i b i t s  t h e  fol lowing changes a f t e r  heat ing. '  A dense, f i n e  

powder of  reddish-brown hemat i te  forms along t h e  boundaries  o f  t h e  o l i v i n e  g r a i n s  

__  -. - __. - _ _  

1. V. A. Kutol in  made t h e  pe t rog raph ic  s tudy  of  s e c t i o n s  of  rocks  sub jec t ed  
t o  high temperatures .  



Figure  11. Apparatus f o r  determining t h e  hea t  conduc t iv i ty  
c o e f f i c i e n t  a t  high temperatures .  

1 - furnace ;  2 - hea t ing  element;  3 - sample; 4 - guard r i n g ;  
5 - ca lor imeter .  

and along t h e  t i n y  f i s s u r e s  w i t h i n  t h e  g r a i n s  i n  t h e  s e c t i o n  made from t h e  lower 

(co1d)par t  of a sample hea ted  t o  a temperature  of 880" (see Figure  12b) .  It  can 

be c l e a r l y  seen i n  t h e  s e c t i o n  along t h e  plane t r a n s v e r s e  t o  t h e  su r face  of 

sample hea t ing  t h a t  wi th  approach t o  t h e  upper ( h o t )  s i d e  of t h e  sample t h e r e  

i s  a displacement of  t h e  hemat i te  powder by an equa l ly  f i n e  magnet i te  powder 

which i s  f u l l y  completed i n  t h e  upper h a l f  of t h e  sample. The magnet i te  powder 

a l s o  appears  w i th in  t h e  o l i v i n e  g ra ins .  F i n a l l y ,  a decomposition o f  t h e  i n i t i a l  

o l i v i n e  is  observed i n  t h e  s e c t i o n  from t h e  upper p a r t  of t h e  sample. I n  t h e  

e a r l y  s t a g e  of t h i s  process  t h e  o l i v i n e  g r a i n s  manifest  abundant i n c l u s i o n s  of 

f i n e  magnet i te  g r a i n s ,  whereas t h e  f i n e  powder of  t h i s  mineral  d i sappears .  The 

boundaries  between t h e  o l i v i n e  g r a i n s  become less d i s t i n c t .  The more complete 

decomposition t o  which e n t i r e  mineral  g r a i n s  are sometimes sub jec t ed ,  and which 

i s  manifested most c l e a r l y  a t  t h e  con tac t  of  s eve ra l  g r a i n s ,  involves  a sub- 

s t i t u t i o n  of - o l i v i n e  by an a g g r e g a t e  of s k e l e t a l  magnet i te  g r a i n s  and f i n e  

pr isms of  greenish  or thopyroxene having d i r e c t  ex ten t ion .  I n  many cases o l i v i n e  

remnants p e r s i s t  amidst t h i s  a g g r e g a t e  i n  t h e  form of  s imultaneously ex t inguish-  

i ng  fragments (see F igure  12c ) .  Thus, t h e  observed decomposition of o l i v i n e  

i n t o  magnet i te  and orthopyroxene wi th  i t s  ox ida t ion  by atmospheric oxygen i s  

s i m i l a r  t o  t h a t  descr ibed  by I.  D. Muir, e t  a l .  (Muir, e t  a l . ,  1957) f o r  t h e  
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C 

Figure  12. a - i n i t i a l  o l i v i n i t e ;  b - o l i v i n i t e  from c o l d  s i d e ;  
c - o l i v i n i t e  from hot  s ide .  Nicols .  Magnif icat ion 2 1 . 6 ~  

42 



metamorphized p i c r i t i c  b a s a l t s  of  t h e  Hawaiian I s l a n d s ,  whose mechanism w a s  d i s -  

cussed i n  d e t a i l  by H. S. Jode r  and c. E. T i l l y  (1965). 

The d e s c r i p t i o n  presented  above shows t h a t  during t h e  sampling hea t ing  

process  t h e  o l i v i n e  decomposes; t h i s  ev iden t ly  somewhat d i s t o r t s  t h e  numerical  

hea t  conduc t iv i ty  c h a r a c t e r i s t i c s .  It is p o s s i b l e  t h a t  t hey  would be d i f f e r e n t  

i f  t h e  o l i v i n e  was hea ted  i n  an i n e r t  medium. Never the less ,  it can be a s s e r t e d  

t h a t  t h e  o r d e r  of  magnitude of  t h e  numerical  d a t a  and t h e  genera l  shape of  t h e  

curve  i n  change of hea t  conduc t iv i ty  wi th  an i n c r e a s e  i n  temperature  do not  ex- 

h i b i t  s i g n i f i c a n t  changes because t h e  i n t e n s i v e  decomposition of  o l i v i n e  wi th  

t h e  formation of orthopyroxene and magnet i te  occurred on ly  i n  t h e  upper p a r t  o f  

t h e  sample. 

- /49 

Figure  13 shows hea t  conduc t iv i ty  curves  f o r  

o l i v i n i t e  based on our  d a t a  and ma te r i a l  t e s t e d  by 

W. Kingery wi th  hea t ing  t o  1 4 0 0 O .  The hea t  conduc- 

t i v i t y  c o e f f i c i e n t  f o r  o l i v i n i t e  decreases  wi th  a 

tempera ture  increase .  A t  room temperature  it is  3.43 

W/m-degree, whereas a t  a tempera ture  of 1400° it i s  

I. 5 T,"C 1.47 W/m-degree. These hea t  conduc t iv i ty  va lues  f o r  

o l i v i n i t e  a r e  c l o s e  t o  t h o s e  obta ined  by W. Kingery 

f o r  f o r s t e r i t e  ( s e e  F igure  1 3 ) ;  i n  ou r  opinion t h i s  
F igu re  13. Dependence 
of  hea t  conduc t iv i ty  confirms t h e  c o r r e c t n e s s  of t h e  s e l e c t e d  method and 

x' 2*o/L 
c o e f f i c i e n t  of o l i v i n i t e  
(1) and f o r s t e r i t e  ( 2 )  

t h e  r e l i a b i l i t y  of t h e  r e su l t s .  

on temperature.  

experiments  wi th  l e u c o c r a t i c  b i o t i t i c  g r a n i t e  from t h e  Belokurikhinskiy complex 

i n  t h e  A l t a y .  The measurements w e r e  made at tempera tures  200, 400, 700, 1000, 

1100, 1200, and 1300". With a tempera ture  inc rease  t h e  g r a n i t e  hea t  conduc- 

t i v i t y  c o e f f i c i e n t  c o n s t a n t l y  decreases ;  changes of a p a r t i c u l a r l y  s i g n i f i c a n t  

magnitude were observed t o  500"; a t  t empera tures  above 1000" t h e  hea t  conduc- 

t i v i t y  increased.  The experiments  made wi th  a series of samples dup l i ca t ed  t h e  

shape o f  t h e  cu rve  wi th  aminimum a t  1000". Up t o  a temperature  of  500" curve 

6 (see Figure  10)  co inc ides  wi th  t h e  d a t a  publ ished by F. Bi rch  and S. Clark  

f o r  t h i s  range. A t  h ighe r  tempera tures  it agrees w e l l  w i th  t h e  computations 

of K. Clark (Clark ,  19561, A. Lawson (Lawson, 1958) and V. N. Zharkov (1958). 

The i n v e s t i g a t i o n s  w e r e  cont inued wi th  s i m i l a r  
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I n  a l l  samples whose lower s u r f a c e s  w e r e  hea ted  t o  770" and whose upper 

s u r f a c e s  w e r e  hea ted  t o  1300' t h e r e  are two wel l -def ined  zones (F igure  14) .  A 

lower zone, equal t o  approximately ha l f  t h e  sample t h i c k n e s s ,  has  a b r i c k  co lo r .  

It can be  seen i n  t h e  s e c t i o n s  prepared from t h i s  p a r t  of t h e  samples t h a t  i n  t h e  

potash f e l d s p a r  of g r a n i t e s  t h e r e  are f i n e  brownish decomposition products  which are 

r e spons ib l e  f o r  t h i s  co lor .  

undula t ing  ex ten t ion ,  r evea l ing  a cons ide rab le  s i m i l a r i t y  t o  minera ls  from cata- 

Quartz and f e l d s p a r s  f r e q u e n t l y  have a nonuniform 

c l a s t i c  rocks.  The greatest  change i n  exh ib i t ed  by b i o t i t e ;  it first becomes - /50 
brown and then,  i n  t h e  upper,  h o t t e r  p a r t  of t h e  zone., i s  packed wi th  f i n e  non- 

t r a n s l u c e n t  i r o n  oxides .  

The upper zone of  gray samples inc ludes  g l a s s  which is r e a d i l y  d i s t i n -  

gu ishable  even macroscopical ly  due t o  t h e  t h i c k n e s s  of  t h e  zone. The upper p a r t  

o f  t h e  samples is covered by a t h i n  l u s t r o u s  e n c r u s t a t i o n  of g l a s s  wi th  remnants 

o f  s t i l l  unfused c r y s t a l s .  I n  t h e  s e c t i o n s  prepared from t h e  lower p a r t  of t h e  

upper zone t h e r e  are d i s t i n c t  t r a c e s  of fus ion :  

parent  c o l o r l e s s  g l a s s  of  a c i d i c  composition, amidst which t h e r e  are ind iv idua l  

corroded g r a i n s  and a g g r e g a t e s  of  g r a i n s  of qua r t z ,  f e l d s p a r  and o r e  mineral .  

can be seen i n  t h e  s e c t i o n s  from t h e  upper g l a s s y  e n c r u s t a t i o n  t h a t  t h e  f e l d -  

s p a r s  are completely fused  and t h e  rock has  been t ransformed i n t o  a g l a s s  con- 

t h e  rock con ta ins  much trans- 

It 
* 

Figure  14. Gran i t e  s e c t i o n .  Lower p a r t  o f  f i g u r e ,  wi th  hea t ing  
t o  770'; upper p a r t  of f i g u r e ,  wi th  hea t ing  t o  1300'. 
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t a i n i n g  h i g h l y  corroded q u a r t z  g r a i n s  and o r e  minera l ;  around t h e  l a t t e r  t h e  

g l a s s  has  a brownish co lo r .  

The fus ing  of t h o s e  samples of  g r a n i t e  whose upper p a r t  w a s  hea ted  t o  

1300" and whose lower p a r t  w a s  hea ted  t o  770" i s  propagated t o  t h e  middle of  

t h e  sample. I f  it i s  assumed t h a t  t h e  temperature  v a r i e s  l i n e a r l y  from t h e  

upper t o  t h e  lower s u r f a c e  o f  t h e  sample, then  i ts  middle p a r t  m u s t  have a t e m -  

p e r a t u r e  of about 1000°. Thus, i n  ou r  experiments t h e  fus ing  of g r a n i t e s  began 

a t  a temperature  of  - 1000°; t h i s  agrees wel l  wi th  d a t a  from o t h e r  r e sea rche r s  

on t h e  fus ing  of  g r a n i t e  i n  dry  systems (Lebedev, 1964). A pet rographic  s tudy  

makes it p o s s i b l e  t o  exp la in  t h e  p e c u l i a r i t i e s  of  t h e  curve of t h e  dependence of  

t h e  hea t  conduc t iv i ty  o f  g r a n i t e s  on temperature  ( s e e  F igure  10). The minimum 

on t h e  curve corresponds p r e c i s e l y  t o  t h e  mean temperature ,  1000°, t h a t  is ,  t o  

t h e  fus ing  poin t  f o r  g r a n i t e s .  

151 

Thus, wi th  hea t ing  of g r a n i t e s  t o  t h e i r  fu s ing  poin t  t h e i r  hea t  conduc t iv i ty  

decreases ,  whereas a f t e r  t h e  onse t  of fu s ion  it i n c r e a s e s  wi th  a temperature  in-  

c r ease .  

We cont inued i n v e s t i g a t i o n s  of  t h e  hea t  conduc t iv i ty  of rocks a t  a high 

temperature  i n  a s e r i e s  of  experiments  with obs id i an  

sists of g l a s s  of an a c i d i c  composition i n  which one n o t e s  t h e  fus ion  of very 

s m a l l  m i c r o l i t h s  of  f e l d s p a r ,  extremely nonuniformly s c a t t e r e d  i n  t h e  v i t r e o u s  

mat r ix ,  f i r s t  o r i e n t e d  i n  s u b p a r a l l e l  fash ion  and c o l l e c t e d  i n t o  i r r e g u l a r  bands 

c r e a t i n g  a flow t e x t u r e ,  and then  e x h i b i t i n g  a f e l t e d  aggregate .  I n  very r a r e  

c a s e s  t h e  rock con ta ins  phenocrys ts  of  a c i d i c  p l a g i o c l a s e  and b i o t i t e .  During 

t h e  hea t ing  process  t h e  upper h a l f  of t h e  sample w a s  f u sed ,  bulged, and acquired 

a s laggy t e x t u r e  with numerous l a r g e  (0.5 t o  1.0 cm) voids  (F igure  15). 

(Caucasus) .  The rock con- 

F i g u r e  1 6  shows a curve  of change i n  hea t  conduc t iv i ty  f o r  obs id i an  wi th  an 

i n c r e a s e  i n  temperature .  The hea t  conduc t iv i ty  of obs id i an ,  i n  c o n t r a s t  t o  

g r a n i t e ,  i n c r e a s e s  wi th  a tempera ture  r i s e ,  a t t a i n i n g  a maximum a t  900";  then  

it  decreases ,  poss ib ly  because o f  bubbling o f  t h e  l i q u i d  m e l t .  I n  g r o s s  chem- 

i c a l  composition g r a n i t e  and obs id i an  are extremely c l o s e  t o  one another ,  but  

t hey  e x h i b i t  a d i a m e t r i c a l l y  o p p o s i t e  change i n  hea t  conduc t iv i ty  wi th  a t e m -  

p e r a t u r e  inc rease ,  e v i d e n t l y  t h e  r e s u l t  of a d i f f e r e n c e  i n  t h e  s t r u c t u r e  of  

t h e s e  rocks :  g r a n i t e  i s  a c r y s t a l l i n e  rock whereas obs id i an  i s  an amorphous, 

45 

I 



I1 IIIIIII I 

v i t r e o u s  substance.  

Determinat ions of  t h e  hea t  conduc t iv i ty  of rocks  a t  h igh  tempera tures  w e r e  

a l s o  made on samples of b a s i c  rocks:  

W e  s t u d i e d  samples of e c l o g i t e  from Kazakhstan, d o l e r i t e  from t h e  B e r i k u l ' s k i y  

r eg ion  of  t h e  Kuznetskiy Alatau and gabbro from t h e  Eas t e rn  Sayan. 

e c l o g i t e ,  d o l e r i t e  and py roxen i t i c  gabbro. 

The i n i t i a l  e c l o g i t e  h a s  a po rphyrob la s t i c  t e x t u r e  and c o n s i s t s  of l a r g e ,  

rounded i d i o b l a s t s  of  ro sy  ga rne t  enclosed i n  a nematoblas t ic  matrix of pyroxene, 

blue-green a l k a l i n e  amphibole, and quar tz .  

abundant f ine g r a i n s  o f  r u t i l e  and ind iv idua l  f l a k e s  of c o l o r l e s s  m i c a .  

ga rne t  i d i o b l a s t s  u s u a l l y  con ta in  numerous ep ido te  inc lus ions .  

I n  a d d i t i o n ,  i n  t h e  s e c t i o n  one n o t e s  L52 

The 

The hea t  conduc t iv i ty  of  e c l o g i t e  dec reases  sha rp ly  wi th  hea t ing  (F igure  

The most s i g n i f i c a n t  decrease  i n  hea t  c o n d u c t i v i t y  is observed on t h e  17) .  

curve  segment corresponding t o  tempera tures  from room tempera ture  t o  2 0 ° .  

t h e  f i r s t  case t h e  hea t  conduc t iv i ty  c o e f f i c i e n t  is 3.35 W/m-degree. 

I n  

A t  a t e m -  

F igu re  15. Obs id i an  a f t e r  hea t ing  t o  1 0 0 0 ° C .  
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p e r a t u r e  of 400" i t s  va lue  dec reases  t o  1.53 W/m.degree, a t  800" t o  1.2 W/m- 

degree and a t  a maximum tempera ture  (1200") t o  0.82 W/m-degree, t h a t  is, de- 

c r e a s e s  by a f a c t o r  of f o u r  i n  comparison wi th  t h e  i n i t i a l  l eve l .  The rock 

changes during hea t ing  as fol lows.  Amphibole i n  s e c t i o n s  from t h e  lower p a r t  

o f  t h e  sample (670") changes from blue-green t o  brown-green, wi th  a s t rong  

pleochroism from green t o  brown, whereas o t h e r  mine ra l s  do not  change. I n  t h e  

s e c t i o n s  from t h e  middle p a r t  o f  t h e  sample ( 9 5 0 " )  t h e  amphibole and garne t  

are completely packed wi th  opaque f i n e  b lack  i r o n  oxides  and t h e  pyroxene i s  

completely replaced by a dark-grained aggregate  of  grayish-brownish-greenish 

mineral  s i m i l a r  t o  bowl ingi te ,  whereas t h e  q u a r t z  remains unmodified. F i n a l l y ,  

F igure  16. Dependence of  
hea t  conduc t iv i ty  of  g r a n i t e  
(1 )  and obs id ian  ( 2 )  on 
temperature .  

t h e  upper p a r t  o f  t h e  sample, hea ted  t o  1200", 

c o n s t i t u t e s  a c o l o r l e s s  o r  cinnamon-colored g l a s s  

wi th  an abundance of s k e l e t a l  g r a i n s  of magnet i te  

and f e l t e d  c l u s t e r s  of p l a g i o c l a s e  m i c r o l i t h s ,  

c r y s t a l l i z e d  ou t  during t h e  slow cool ing  of t h e  

sample, and a l s o  fused  q u a r t z  gra ins .  I n  a d d i t i o n ,  

i n  many cases t h e r e  are s e c t o r s  of uniform t r a n s -  

parent  cinnamon-colored g l a s s .  

I n  measuring t h e  hea t  conduc t iv i ty  of do ler -  

i t e ,  t h e  i n i t i a l  unmodified rock had a prismat- 

i c a l l y  g ranu la r  s t r u c t u r e  and cons i s t ed  of p r i s -  

mat ic  g r a i n s  of  p l a g i o c l a s e ,  between which t h e r e  

are g r a i n s  of a rosy-brownish t i t a n i f e r o u s  c l i n o -  

pyroxene, u s u a l l y  e n t i r e l y  s u b s t i t u t e d  by h igh ly  

p leochro ic  brownish-green amphibole, as w e l l  as 

f i n e r  rounded o l i v i n e  g ra ins .  I n  a d d i t i o n ,  t h e  

rock con ta ins  abundant f l a k e s  o f  a reddish-brown, h igh ly  p leochro ic  b i o t i t e  and 

f i n e  granules  of  o r e  minerals .  A s m a l l  q u a n t i t y  of  a c i d i c  untwinned p l a g i o c l a s e  

can sometimes be observed i n  t h e  i n t e r s t i c e s .  

With hea t ing  of  t h e  d o l e r i t e  t o  500" t h e  rock changes are manifested i n  an 

i n t e n s i f i c a t i o n  of amphibole pleochroism from greenish-brown t o  dark  brown, al- 

most black. I n  a d d i t i o n ,  an o p a c i t i z e d  edge appeared around t h e  gra ins .  With 

hea t ing  t o  1100" t h e  amphibole and o l i v i n e  w e r e  completely o p a c i t i z e d  and an 

o p a c i t i z a t i o n  of t h e  pyroxene began, a l though a cons ide rab le  p a r t  o f  it remained 

- / 5 3  
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unmodified. P l a g i o c l a s e  e x h i b i t e d  no changes. - /54 

I n  F igu re  17 t h e  changes i n  t h e  hea t  conduc t iv i ty  of  d o l e r i t e  wi th  hea t ing  

t o  l l O O o  are r ep resen ted  by curve  3 .  The hea t  c o n d u c t i v i t y  o f  d o l e r i t e  at room 

tempera ture  i s  lower than  f o r  e c l o g i t e ,  1.57 W/m-degree. 

change i n  hea t  conduc t iv i ty  f o r  d o l e r i t e  i s  d i f f e r e n t  t han  f o r  e c l o g i t e .  

The n a t u r e  of  t h e  

A t  

t h e  beginning of  hea t ing  t h e  h e a t  conduc t iv i ty  of 
a, 
a, 

!i 
P 
E 3.0 1 

\ I  

d o l e r i t e  decreases  and a t  a tempera ture  of ZOO0 it 

a t t a i n s  1.26 W/m.degree. With a f u r t h e r  temperature  

i n c r e a s e  A i n c r e a s e s  monotonical ly  t o  1.29 W/m. 

degree a t  6000, a t t a i n i n g  a maximum a t  800" (1.43 
I \  W/m.degree). This  i s  fol lowed by a hea t  conductiv- 

2.54 I 
i t y  decrease  and a t  1100" it i s  a l r eady  1.31 W/m. 

degree.  

F igure  17 shows t h e  curve  of  change f o r  f o r  

d o l e r i t e  and pyroxene gabbro.2 These curves  have 

an i d e n t i c a l  shape al though t h e  peaks are d isp laced  

r e l a t i v e  t o  one another .  I n  t h e  c a s e  of pyroxene l.5p gabbro t h e  hea t  c o n d u c t i v i t y  decrease  wi th  hea t ing  

I. 0 '. peak a t  600". A f u r t h e r  dec rease  i n  i t s  hea t  con- 

d u c t i v i t y  i s  g r e a t e r  t han  f o r  d o l e r i t e .  I t s  va lue  0.7 ' I -  I 7 

decreases  from 1.49 W/m-degree a t  600" t o  1.1 

\\ t o  200" is  a l s o  rep laced  by i ts  inc rease  wi th  a 
\ 

'r. 

Tv "5 c_ 
g $ ; g " a  8 %  

Figure  17. Dependence of W/m.degree at 1100". 
hea t  conduc t iv i ty  of  ec lo-  
g i t e  ( 1 1 ,  pyroxene gabbro 
( 2 ) ,  d o l e r i t e  ( 3 ) ,  anor- 
t h o s i t e  (41, gabbro (5 ,  7 )  
and d iabase  (6 ,  8 )  on 
tempera ture ;  4-81 d a t a  
from S. Clark and F. Bi rch  
(B i rch ,  e t  al . ,  1949). 
hea t  conduc t iv i ty  of a n o r t h o s i t e  i n c r e a s e s  cont inuous ly  t o  300" 

t h e  s a m e  t i m e ,  t h e  hea t  conduc t iv i ty  of gabbro i n  t h i s  range i n  one case  (curve  

5 )  i n c r e a s e s  ( t o  be s u r e ,  very  i n s i g n i f i c a n t l y ,  by on ly  0.02 W/m.degree), whereas 

i n  another  case (curve  7 )  it dec reases  wi th  a tempera ture  inc rease .  A s i m i l a r  

A comparison of  t h e  desc r ibed  hea t  conduc- 

t i v i t y  curves  f o r  d o l e r i t e  and pyroxene gabbro wi th  

t h e  d a t a  given by F. Bi rch  on t h e  hea t  conduc t iv i ty  

o f  gabbro, a n o r t h o s i t e  and d i abase  i n  t h e  tempera- 

t u r e  range 0-300" (see F i p r e  18) shows t h a t  t h e  

(curve  4 ) .  A t  

- - _ _ _  - _ _ _  - - ~ ~- - 

2. Pyroxene gabbro i s  c l o s e  i n  s t r u c t u r e  t o  d o l e r i t e  and i t s  pe t rographic  
d e s c r i p t i o n  i s  not  given f o r  t h a t  reason. 

- /55 
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p i c t u r e  i s  observed f o r  diabase.  I n  one case (curve 8 )  a decrease  i n  hea t  con- 

d u c t i v i t y ,  being 0.11 W/m.degree p e r  loo', i s  rep laced  by i t s  inc rease  by 0.02 

W/m-degree wi th  hea t ing  t o  200'; i n  another  case  (curve  6 )  t h e  hea t  conduct iv i ty  

of d i abase  a l s o  decreases ,  bu t  t h i s  decrease ,  l i k e  t h e  subsequent i nc rease ,  i s  

extremely i n s i g n i f i c a n t .  

I t  w a s  e s t a b l i s h e d  i n  t h e s e  experiments  t h a t  t h e  n a t u r e  of  t h e  change i n  

t h e  c o e f f i c i e n t  is not  dependent on t h e  rock b a s i c i t y .  In  a c t u a l i t y ,  t h e  hea t  

conduc t iv i ty  of such rocks as g r a n i t e ,  o l i v i n i t e  and e c l o g i t e  decreases  cont in-  

uously wi th  a temperature  i n c r e a s e ,  whereas f o r  d o l e r i t e ,  gabbro, and poss ib ly  

d iabase  it decreases ,  but  no t  cons t an t ly .  There i s  some i n c r e a s e  i n  1 from 

200 t o  8000. 

I n  obs id i an  and a n o r t h o s i t e  t h e  hea t  conduc t iv i ty  c o e f f i c i e n t  i n c r e a s e s  

wi th  hea t ing  ( i n  a n o r t h o s i t e  a t  l e a s t  t o  300"; no experimental  d a t a  a r e  a v a i l a b l e  

f o r  h ighe r  tempera tures) .  The p e c u l i a r i t y  of t h e  change i n  hea t  conduc t iv i ty  f o r  

gabbro and d o l e r i t e  may e v i d e n t l y  be r e l a t e d  t o  t h e  presence of b a s i c  p l a g i o c l a s e  

i n  t h e i r  composition, s i n c e  according t o  d a t a  publ ished by F. Birch,  a n o r t h o s i t e  

i s  cha rac t e r i zed  by an i n c r e a s e  i n  hea t  conduc t iv i ty  wi th  a temperature  inc rease .  

N o  p l a g i o c l a s e  is  p resen t  i n  rocks  of t h e  f i r s t  group. I t  i s  i n t e r e s t i n g  t h a t  

t h e  denser  isochemical equiva len t  of  rocks of b a s i c  composition, e c l o g i t e ,  

d i f f e r s  from t h e  l a t t e r  i n  t h e  n a t u r e  of hea t  conduc t iv i ty  change wi th  a tempera- 

t u r e  inc rease .  

Table 9 g i v e s  experimental  d a t a  f o r  t h e  i n v e s t i g a t e d  rocks f o r  determining 

t h e i r  hea t  conduc t iv i ty  1 a t  a high temperature .  

The d a t a  i n  Table 9 on ), f o r  some igneous rocks a t  d i f f e r e n t  tempera tures  

are important  f o r  computing t h e  hea t  flow and deep tempera tures  i n  t h e  e a r t h ' s  

c r u s t .  

Table  10 g i v e s  t h e  tempera ture  c o r r e c t i o n s  f o r  hea t  conduc t iv i ty  which must 

be taken i n t o  account i n  computing t h e  hea t  flow. 

The d a t a  i n  Tables  9 and 10 w e r e  used i n  computing t h e  temperature  i n  t h e  /57 - 
e a r t h ' s  c r u s t  t o  t h e  Mohorovicic d i s c o n t i n u i t y  f o r  some p laces  on t h e  W e s t  

S i b e r i a n  Lowland. The c o l l e c t e d  d a t a  on t h e  thermal p r o p e r t i e s  of some rocks  

a t  high tempera tures  a l s o  h e l p  i n  understanding t h e  phenomena t r a n s p i r i n g  i n  

t h e  e a r t h ' s  c r u s t :  t h e  mechanism o f  hea t  accumulation, t h e  n a t u r e  o f  l o c a l  
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'TABLE 9. HEAT CONDUCTIVITY COEFFICIENT FOR DIFFERENT ROCKS - /5 6 
AT H I G H  TEMPERATURES 

, . . . . - . . - - . 
I 

20 
200 
400 
GuO 
009 
I000 
I IO0 

I403 

3,43 
2,53 
2,20 
2,03 
I,84 
I,83 

I,73 

I,71 

- 
- 

I 

2,IG 
I ,45 
I,23 
1,06 
0'99 
0,97 

I ,03 
I,I4 

- 

- 

Rock 

- - - - =. 

3,35 
I,Z4 
1,LI 

I ,57 
0,65 
0 ,E8 

I,dl 0,92 I ,49 
I,O9 1 I , L O  1 I,37 

0,37 
0,35 - 

I ,07 
I ,oo - 
- 

Commas r ep resen t  decimal po in ts .  

TABLE 10. CORRECTIONS TO THE HEAT CONDUCTIVITY COEFFICIENT 
FOR ROCK W I T H  TEMPERATURE ^,HANGE 

~~ 

Limestone 

S c h i s t  

Chalk 
Quartzy sandstone 

Marble 
Diabase 

B a s a l t  
D i o r i t e  

II 

1 1  

Gran i t e  

G r a n i t e  
Pyroxene gabbro 
01 i v i n i t  e 

Ec l o g i  t e 

- _  - _ _ _  - .  . . .. 

Change i n  hea t  con- 
d u c t i v i t y  per  l o o ,  % 

~ _ _  - _ ~ . ~  . .. . . . 

0.9-2 -4  
3 -0 
0-9  
2 .o 
2.2 

1.9-2.1 
0.0-015 

1.2 
0.9-1.0 

~ -~ . 

Reference 
_ . .  . . 

Birch ,  e t  al.,  1949 
ROY, 1963 
Birch ,  et  a l . ,  1949 
ROY, 1963 
Birch ,  e t  al.,  1949 

1 1  

II 

Kawada, 1964 

Moiseyenko, Kuto l in ,  1966 
Birch ,  e t  al . ,  1949 
Moiseyenko, et  al.,  1965 
Moiseyenko, e t  al., 1967 

11 

II 1965 
I t  1967 

Note: S ince  t h e  minimum depth of boreholes  w a s  3000 t o  4000 M, t h e  t e m -  
p e r a t u r e  i n t e r v a l  f o r  computing c o r r e c t i o n s  w a s  i n  accordance wi th  t h e s e  depths.  
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sources  of m a g m a  formation,  metamorphism and o t h e r  deep processes .  

Mechanism of Rock H e a t  Conduct iv i ty  

The hea t  conduc t iv i ty  of monol i th ic  igneous rocks wi th  i n s i g n i f i c a n t  po- 

r o s i t y  can be represented  i n  t h e  form 

h = he, + A l a t '  

where 

is t h e  heat  c o n d u c t i v i t y  component caused by t h e  hea t  t r a n s f e r  by 

e l e c t r o n s  and ho le s ,  and 
'e1 

is  t h e  c r y s t a l  l a t t i c e .  'lat 

In  t h e  temperature  range 20 t o  1 4 0 0 O  a t  which our  experiments  w e r e  made, t h e  

hea t  conduc t iv i ty  exc i ton  mechanism ev iden t ly  p lays  no r o l e  (B'yub) ,  1962).  

e l  Elec t ron  hea t  conduc t iv i ty .  A t  temperatures  above room temperature  1 

can be w r i t t e n  i n  t h e  fol lowing form (Drubble,  Goldschmidt, 1963): 

H e r e  

r e s p e c t i v e l y ;  E i s  t h e  width of  t h e  forbidden zone. Using t h i s  express ion  1 

can be est imated.  The second term i n  t h e  c i t e d  formula w i l l  obviously be max- 

and ohole are t h e  e l e c t r o n  c o n d u c t i v i t i e s  caused by e l e c t r o n s  and h o l e s  

e l  

- /58 On 

G 

We t h e r e f o r e  assume t h a t  " = = 1/2 o. Then ex- 
n "hole i m u m  when 0 = 

pres s ion  (1) can be r e w r i t t e n :  
n "hole- 

L 

In  ( 2 )  w e  assume t h a t  EG = 7 eV (7 e V  i s  t h e  width of  t h e  forbidden zone f o r  

A 1  0 being one of t h e  p r i n c i p a l  rock components. Th i s  compound has  t h e  

broades t  forbidden zone among mine ra l s ) .  According t o  o u r  experimental  d a t a  

(see Table 1 1 ,  a t  a tempera ture  of  about 3 0 0 O K ,  

a t  a temperature  of  about 1470°, 10-4-10-3 ohm-' 

t h e s e  va lues  i n t o  formula (21, w e  o b t a i n :  

2 3 '  

= 10-12-10-9 ohm-'=cm-', and 

A f t e r  s u b s t i t u t i n g  

( 1 4 7 0 ' K )  < W/cm-degree 'e1 
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It should be noted  t h a t  f o r  igneous rocks  t h e  va lues  i n  ( 3 )  are h ighes t  a t  

t h e  tempera tures  g iven  i n  parentheses .  
e l  

Laboratory measurements i n  t h e  e n t i r e  i n d i c a t e d  tempera ture  r a n g e  f o r  t h e  
-2 

t o t a l  hea t  conduc t iv i ty  of  igneous rocks  g ive  about 10 W/cm*degree (see Table  

5).  Thus, e l e c t r o n  hea t  conduc t iv i ty  is  an i n s i g n i f i c a n t l y  s m a l l  p a r t  o f  t h e  

t o t a l  hea t  conduc t iv i ty  f o r  t h e  examined rocks.  L a t t i c e  hea t  conduc t iv i ty  is 

most important .  

La t t i ce  hea t  conduct iv i ty .  The problem of  c r y s t a l  l a t t i c e  hea t  t r a n s f e r  

i s  u s u a l l y  reduced t o  a s tudy  o f  t h e  motion of  phonons i n  a p o t e n t i a l  f i e l d  

c r e a t e d  by t h e  medium c r y s t a l  l a t t i c e .  Accordingly, 

rock s t r u c t u r e .  The rocks  which w e  s tud ied  can be d iv ided  i n t o  two groups: 

amorphous and p o l y c r y s t a l l i n e .  The f i r s t  group inc ludes  obs id i an ,  t h e  second 

group inc ludes  g r a n i t e ,  o l i v i n i t e ,  gabbro, and o t h e r s .  

i s  dependent on t h e  Alat 

I n  t h e  case of  rocks  wi th  an amorphous s t r u c t u r e  t h e  l a t t e r  i s  almost - /59 
e n t i r e l y  d isordered .  The hea t  t r a n s f e r  process  conforms t o  t h e  theo ry  of  ran- 

dom processes ;  a t  t h e  cons idered  tempera tures  t h i s  g i v e s  t h e  dependence 1 - T 

(Zayman, 1962).  Our d a t a  (see Figure  16, curve  2 )  appa ren t ly  correspond t o  t h e  

p r e d i c t i o n  of  t h e  theo ry  of  a l i n e a r  i n c r e a s e  i n  wi th  a tempera ture  inc rease .  

However, a t  tempera tures  g r e a t e r  than  900" t h e  hea t  conduc t iv i ty  decreases .  

This  i s  probably a t t r i b u t a b l e  t o  an i n t e n s i v e  r e l e a s e  of  v o l a t i l e  components 

i n  a molten s ta te ,  as  i n d i c a t e d  by t h e  appearance of t h e  sample a f t e r  t h e  ex- 

periment w a s  t e rmina ted  (see Figure  15). 

In  p o l y c r y s t a l l i n e  s t r u c t u r e s  t h e  hea t  conduc t iv i ty  is determined both by 

t h e  s c a t t e r i n g  of phonons on c r y s t a l l i n e  g r a i n s  and t h e i r  s c a t t e r i n g  on one 

another  due t o  anharmonicity.  A t  t empera tures  above t h e  Debye temperature  0 

t h e  s c a t t e r i n g  of phonons on one another  as a r e s u l t  of anharmonici ty  l e a d s  t o  

t h e  dependence (Zayman, 1962) 

which i s  q u a l i t a t i v e l y  confirmed by o u r  curves  (see Figure  10). 
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S W A R Y  

Even a t  t h i s  s t a g e  i n  t h e  i n v e s t i g a t i o n  t h e  s tudy  of  t h e  e lectr ic  and 

thermal p r o p e r t i e s  of rocks  made it p o s s i b l e  t o  determine t h e  d i s t i n c t i v e  

c h a r a c t e r i s t i c s  of  t h e i r  behavior  under d i f f e r e n t  thermodynamic condi t ions .  

/ 60  - 

Temperature e x e r t s  a s t rong  effect  on rock r e s i s t i v i t y .  I n  t h e  s tud ied  

tempera ture  range (20-1200°), which can correspond t o  depths  of  80-100 km, it 

v a r i e s  by seve ra l  o r d e r s  of  magnitude. I t  should be noted t h a t  t h e  d i f f e r e n c e  

i n  r e s i s t i v i t i e s  f o r  rocks  o f  d i f f e r e n t  compositions dec reases  a t  h igh  tempera- 

t u r e s .  However, when p r e s s u r e  i s  superposed, t h i s  smoothing e f f e c t  can ev i -  

den t ly  change. Accordingly,  another  o b j e c t i v e  o f  our  i n v e s t i g a t i o n s  w a s  a 

s tudy  of t h e  e f f e c t  o f  p re s su re  on rock r e s i s t i v i t y .  

Under t h e  in f luence  of u n i l a t e r a l  p re s su re  a t  room temperature  a complex 

change i n  r e s i s t i v i t y  i s  observed. I t  f i r s t  decreases  and then  increases .  The 

r e s i s t i v i t y  minimum i s  observed i n  d i f f e r e n t  rocks a t  d i f f e r e n t  pressures .  Under 

u n i l a t e r a l  p re s su re  t h e r e  i s  an i n t e r r e l a t i o n s h i p  between r e s i s t i v i t y ,  volu- 

me t r i c  weight,  and p o r o s i t y  of  rocks  and t h e i r  deformations.  However, predom- 

i n a n t l y  u n i l a t e r a l  p re s su re  (one-sided up t o  20,000 kg/cm , but  h y d r o s t a t i c  3 

> pres su re  not above 2000-3000 kg/cm and room temperature  does not  correspond 

t o  cond i t ions  a t  g r e a t  depths  i n  t h e  e a r t h ' s  c r u s t  and mantle. Accordingly, 

t h e  determined dependences can be  used f o r  t h e  most p a r t  i n  s tudying rock de- 

formations.  

The r e s u l t s  o f  experiments  f o r  determining rock r e s i s t i v i t y  under t h e  

s imultaneous in f luence  of tempera ture  and p res su re  a r e  most va luable .  I n  - /61 
t h e s e  experiments a temperature  of  500" and a p r e s s u r e  of 30 kbar  w e r e  a t t a i n e d .  

Rock r e s i s t i v i t y  dec reases  wi th  a p res su re  and temperature  increase .  

Analysis  of  t h e  c o l l e c t e d  experimental  d a t a  made i t  p o s s i b l e  t o  draw con- 

c l u s i o n s  concerning t h e  conduc t iv i ty  mechanism i n  rocks.  Formulation of spec i -  

f i c  experiments  f o r  determining t h e  concent ra t ion  and s i g n  of charge c a r r i e r s  

i s  requ i r ed  f o r  drawing more r igo rous  conclusions.  

On t h e  one hand t h e  s tudy  of  t h e  thermal p r o p e r t i e s  o f  rocks both under 

o rd ina ry  cond i t ions  and a t  h igh  tempera tures  made it p o s s i b l e  t o  o b t a i n  t h e  

f irst  information concerning t h e  thermal c o n s t a n t s  o f  t h e  most widely occur r ing  
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rocks  i n  t h e  i n v e s t i g a t e d  r eg ions ;  on t h e  o t h e r  hand, i t  made it p o s s i b l e  t o  

c l a r i f y  t h e  dependence of h e a t  conduc t iv i ty  on temperature .  It w a s  found t h a t  

t h e  n a t u r e  of  t h e  change i n  hea t  conduc t iv i ty  wi th  a tempera ture  inc rease  i s  

dependent on s t r u c t u r e .  In  amorphous rocks  (obs id i an )  t h e  hea t  conduc t iv i ty  

i n c r e a s e s  wi th  a tempera ture  i n c r e a s e ,  whereas i n  c r y s t a l l i n e  rocks (most o f  

t h e  igneous rocks)  i t  decreases .  

The r e s u l t s  of  t h e s e  experiments  w e r e  used i n  computing t h e  tempera tures  

of  se i smic  d i s c o n t i n u i t i e s  along deep seismic sounding p r o f i l e s  on t h e  W e s t  

S i b e r i a n  Lowland. 

The observed decrease  i n  hea t  conduc t iv i ty  wi th  a tempera ture  i n c r e a s e  

h e l p s  u s  t o  understand t h e  n a t u r e  of  l o c a l  c e n t e r s  o f  m a g m a  formation i n  t h e  

e a r t h ' s  c r u s t  and upper mant le  a t  depths  less than  might be expected on t h e  

b a s i s  of  t h e  geothermal g rad ien t .  Re l i ab le  i n t e r p r e t a t i o n  o f  geophysical  d a t a ,  

superdeep d r i l l i n g ,  and s tudy  of  deep processes  are imposs ib le  without t ak ing  

i n t o  account t h e  p a t t e r n s  of  change i n  t h e  phys ica l  p r o p e r t i e s  of rocks a t  high 

tempera tures  and p res su res ;  t h i s  makes i n v e s t i g a t i o n s  i n  t h i s  d i r e c t i o n  p a r t i c -  

u l a r l y  important.  
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